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FOREWORD

This repor t was subm itted by TRW Defense an d Space Sys tems Group at
One Space Park, Redondo Beach , Cal Ifornia 90278 under Contract
F046l1—76—C-0053, Job Order No. 573010BJ with the Air Force Rocket
Propuls ion Labora tory, Edwards AFB , Cal i forn ia 93523.

The authors wish to acknowledge the contribution of Dwight Anthony
of TRW , who helped with laser rebuilding . We also wan t to tha nk
Betty Jackman for preparation of this report and the papers that were
generated under the contract.

Final)y,we want to thank our technica l manager, Dr. Daweel George of
AFRPL for help and suggestions throughout the program. Also , we want
to thank Mike Adams of AFRPL for his help during the acceptance tests.

This report has been reviewed by the Information Off i ce/XOJ and Is
releasable to the National Techn i cal Information Serv i ce (NTIS). At
NTIS it will be ava i lable to the genera l public , includ i ng foreign
nations. This techn ical report has been rev iewed and is approved
for publication ; it is unclassi fied and suitable for genera l public
release.

DAWEEL GEOR GE, roject Manager JACK ONN, CAPT., USAF
Ch ief , Combus ti on & Pl umes Branch

FOR THE COMMANDER

J9H I. WASHBURN , L t Col , USAF
Chief , Propulsion Analysis Division

NOTICES
When U.S. Government drawings , specifications , or other data are used
for any purpose other than a definitely related Government procurement
operation , the Government thereby i ncurs no responsibi lity nor any obl i-
ga t ion wha tsoever , and the fac t tha t the Gover nmen t may have formula ted ,
fur ni shed , or in any way supplied the said drawings , specifications or
other data , is not to be regarded by implicat ion or otherwise , or in any
manner l icensing the holder or any other person or corporation , or convey
ing any rights or permiss ion to manufacture , use, or sell any patented
invent ion that may in any way be related thereto.
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PREFACE

This contract (FOLe6ll-76-C-0053) was concerned wi th the feasibility

of holographically recording microscopic particulate and flame phenomena
resulting from the combustion of small 1/4 x 1/8 x 1/16 inch solid propellant

samples at hi gh pressures . The contract was divided into three phases. The

first was concerned with the feasibility and techni ques for achieving high

resolution. Under Phase I , a new lens—assisted holograp hic technique was

found to g ive resolutions (‘~ 2 microns) higher than had hitherto been

achieved .

Phase II was concerned with systematic record i ng of propellants , the

abstraction of quantitative Information , feasibility of ho l ographic inter—

ferometry , feasibility of reflected li ght holography, and the development of

other more advanced laser and holographic techniques . The holograms were

recorded with a Q-switched ruby laser.

One Phase II conclusion was the importance of short (< 10 nanosecond)

laser pulses to avoid time-averaged fringe effects obta i ned with meta llized

propellants. Another was the development of a double reference beam tech-

nique to record holograms on top of one another wh i ch could be separately

reconstructed . One consequence of this type of recording is the record i ng

of the particle field at two different times . For such a recording , par—

tid e motion can be followed and ve l ocities deduced .

Under Phase II , a small 0.5 cubic millimeter portion of one holograp hic

image of combustion was carefully inspected . Each particle in the chosen

vol ume was l ocated (assigned Cartesian coord i nates) and measured (568 par-

ticles rang ing in diameter from 3 — 80 microns were counted) . The exercise

illustrated the ability to derive quanti tative information from a hologram.

The last part of the program (Phase III) was concerned wi th the fabri-
cation and delivery of equ i pment which could be used at RPL to record holo-

grams like those recorded under the Phase I and II parts of the program .

A new lens-assisted double reference beam holocamera was designed , built ,

and delivered . Concurrently, an existing RPL laser illumina tor (orig inally

built by the authors under contract F01e611—6 9—C-0015) was rebuilt for use

with the new holocamera . The laser was upgraded completely and included a

multiple pulse capability of 2 - ‘toO usec separation between the two laser

J
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pulses. A further feature was the ability to orthogonally polarize the two

pulses so that each could be routed along a different reference beam direc-

tion. In addition, the rebuilt laser had a pulse chopping capability; the

nominal 50 nanosecond pulse was shortened to ‘I~ 10 nanoseconds. The shorter

pulses recorded fringe—free holograms of metallized fuels. Details of the

new holocamera and laser illuminator are available in the instruction t

manuals .1
’ 

2 , 3

.
4

~ R. F. Wuerker, “Instruction Manual for a Ruby Laser Holographic
Illuminator” (Contract F04611—69—C—0015), February 1970.

2 R. F. Wuerker and R. A. Briones, “Operation Manual for Lens—Assisted
Multipulse Holocamera with Reflected Light Option” (Contract P04611—
76—C—0053), APRPL—TM—78—12, July 1978.

3 R. A. Briones and H. F. Wuerker , “Instruction Manual for the Improved
Ruby Laser Holographic Illuminator” (Contract F046 1l—76—C—0053) , APRPL—
TM—78—ll , July 1978 .
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NOMENCLATURE

iV so’enoid va l ve
a
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RV relief va l ve
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c Current (amps)

C electrical capacitance (farads)
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L I N T R O D U C T I ON

This study was concerned with the feasibility of holograp h i c a l l y
(three—d i mensiona lly) recording the combustion of small (typ ically i/k x

1/8 x 1/16 inch) rocket propellant samp les  a t h i g h  p re s su res  i n  a wi ndowed

comb us t ion bomb . Th e o r i g i nal  goa l s, i n  ord e r of priority , were to obtain:

• particle sizes (to 3 micron diameters),

• particle velocities ,

• flame density gradients ,

• propellant surface characteristics ,
and

• particle size distributions .

In terest in ho l ograph y centered on its a b i l i t y  to make three—d i mensiona l

recordings wh ich one could examine with a microscope . In add ition , the in-

tensity and monochromat icity of laser li ght meant that luminous events , such

as solid propellant comb ustion , c o u l d  be recor ded wi thou t fog g i ng  of the
photosensitive record i ng p1ate~ Narrow band op tical filters and shutters

excluded most of the lum i nous light from the photosensitive ho l ographic

plate , yet let the laser light pass throug h. Types of holography which

were to be used included collima ted and diffuse transmissi on holograms , re—

flec ted ligh t holography , and double exposure holographic interferometry .

The program was di vided into three phases.*

Phase I. Test the feasibility of recording solid prope llant combustion
in a pressurized window observat ion chamber. Develop and refine
the ho log ra ph i c tech n i ques to g i v e  h i g h  (~ 3 micron) resolu tion .

Phase II . Refine and further develop the holographic techni ques deve loped
und er Phase I. Systematicall y record holograms of differen t Air
Force propellants. Analyze and photographically record selected
holograms . I nvestigate multi p le exposure ho l ography as a way to
deduce part icle velocities and flame density effects (via holo-
g r a p hic in terferometry).

Phase iI i . ’Based on the developments from Phases I and II , rebuild
an Air Force ruby laser to serve as illuminator and
assemble the holographic components into one unit
(hoiocamera). Install and checkout the modif ied and
new equipment at the AFRPL.

* The statement of work is reproduced in Appendix I.
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II. PHASE I — SETUP AND PRELIMINARY COMBUSTION HOLOGRAMS

The most i mmediate goa l of Phase I was to record ho l ograms of sol Id

propel lant at high pressures. This meant setting up the Air Force combus-

t ion bomb in a safe area , building a rudimentary ho l ographic optica l

arrangement around the combustion bomb , contending with the problems of

film fogg ing (due to the lumination from the propel1ant combustion) , and

recording a few holograms to show feasibility and uncover problems .

The combustion bomb and first holographic arrangement were set up on

a 4 x 4 x 3/Li foot solid granite table (in Building Rl , Room 1059, TRW).

The laser was set up in an adjoining room. The beam passed through a hole

in the door between the two rooms .

The bomb was pressurized through electrically actuated valves. The

va l ves were interlocked to the doors into the room in such a way that the bomb

could never be pressurized until the doors were closed .* The pressurization

system schematic is presented in Figure 1. The bomb was pressurized from

either 6,000 lb/in
2 or 2,500 lb/in 2 commercial bottles of dry nitrogen in the

same room as the laser. Reference to the figure shows tha t there were three

electrically actuated va l ves; SV— l (normally closed), SV—2 (normally closed),

SV—3 (normally open). In addition , there were manua l va l ves (MV—l , MV-2 ,

MV— 3, MV— Li , and MV—5), a rupture disk (RD—I , 2000 lbs/in 2) , and relief valves

RV— l and RV—2 (each 1200 lbs/in 2). The safety circuit is shown in Fi gure 2

and , althoug h simple , was reliable. Note that the system cannot be pressured

until the doors are closed .** The two door switches activated the nominally

closed hig h pressure va l ve (SV—l) and the normall y open dump or vent va l ve

(SV—3). Closing the switch , between the power supply and the door inter-

lock , opens the hi gh pressure va l ve and closes the dump va l ve, thereby

pressurizing the system. Closing the second switch opens the flow va l ve

(SV-2), fires the i gnitor , and fires the laser.

* The bomb stored 3,000 joules of compressed gas when pressurized to
1 000 psi. This amount of energy is enough to be dangerous . On the
other hand , it compares with the energy in the ruby laser ’s capacitor
bank.

** The approved operating procedure is reproduced in Appendix II.

2
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Figure 2. Electrical Contro l Circuit for
RPL Combustion Bomb .
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Fi gure 3 is a view of the laboratory setup looking from the control room at

the combustion bomb and holographic optics , all set up on the 14 x 8 x 3/14 foot
granite block table. During a combustion run , the double doors were closed

and the rub y beam fired throug h a 2—inch hole in one door. Power supplies for

activating the va l ves and i gniting the propellant are seen be l ow the ruby la-

ser (nominally 1/2 joule , 50 nanosecond , Q—switched). rl gure Ii i s a close r

view of the granite table , holographic setup, combustion bomb , the hi gh pres—

sure plumb i ng , and (in the foreg round) a helium—neon laser. The latter was

used to record static holog rams , with the holograp hic optica l ar rangemen t , for

the purpose of testing improvements or effects (on resolution) due to changes

of wavelength between the recording and reconstructing steps. The electri-

cally activated control valves were mounted to the far side of the plywood

board at the end of the granite table. Fi gure 5 is an even closer view of

the combustion bomb at the time when the focused image holograp hy was

be i ng tested .

An i sometric view of the combustion bomb is presented in Figure 6,

showing two of the three viewing windows , the method of assembly, and the

internal propel lant sample , mounted to a pedestal on the end plug .*

Figure 7 is a photograp h of the end plug with 1/4 x 1/8 x 1/16 i nch fue l

sample mounted and ignitor wire in  place . The miter box used to cut fue l

samp les is also seen in this picture . The method of suspending the combus-
tion bomb above the table can also be seen in this picture .

A cross sectional view of the combustion bomb is seen in Fi gure 8.

This fi gure shows that the combustion bomb has three window ports , two of

wh i ch were opposed . For the setup seen in Fi gures 3, 1+ , 5, and 7, the
illuminating laser beam passed through the small (1/2 i nch diameter x

0.8” thick) fused quartz window throug h the combustion zone and exitted

(toward the hologram) through the larger (1 1/2” dia . x 0.8 inch) oppos i ng

window. The other 1 1/2 inch x 0.8 inch window was used later to record

reflected light holograms . A dimensioned eng i neering d rawing of the

combustion bomb is presented in Figure 9.

° Not shown is the fact tha t during combustion gas flowed through a line
connected to the end plug (via Va l ve SV-l in Fi gure 1). The high
pressure line had to be opened to remove the end p lug , or whenever pro-
pellant samples had to be replaced . The line was electrically inter-
locked to the pressurization system to insure that the bomb could not
be prescurized unless the line was connected.
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Fi gure  3. Pho tograph of the ruby laser  ( r i ght foreground) , ~~-~bust ion
bomb , holographic opti cs , and setup on granite t~~~ e in ~nadjoining room . R. A . Brio ries is in this pic tur e .
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Fi gure 14. Closer view of the experimenta l ho l ographic setup.
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F i gure 5. Even closer view showing the combu—i i n  1i ob aci d the lenses and

plate holder used in the focused image test. The l en ses a nd
p la te ho l der have been set aside.
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Fi gure 6. I sometric View of RPL Combustion Bomb.
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F i gure 7. View of se tup show i ng end plug with mounted fuel sample.
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F igure 10 is a p i c tu re  looking from the combust ion bomb back toward
the il l u m i n a t i n g  rub y laser in the adjoinin g room , At the time this picture

was taken , a fuel sample was fired wi th the inten t of illustrating the lumi-

nosity of the combu stion of the small propell ant samp les at hi gh pressures.

Meta ll i zed fuels were particularly luminou s , eno ug h to require a narrow

band optica l filter to keep the plates from being fogged . Fuels which were

used on this program are summarized in Table I.

Table I

THE SOLID PROPELLANTS

Bur n Ra te a t
1 000 psia

~ Solids Oxidizer Fuel/Othe r (in/sec)

NT— b 87 AP 0.5~ ZrC .5
O.5~ C

MS—23 87.5 AP l.O~ Zr .54
O .5~~C

MX— 70 87 AP l5.75~ At 1.69
3.O?6 Ferrocene
O.75~ FeF 3

ANB-3066 88 AP l8°~ At .36

NB-79 88 AP 2O~ At .143

NB— 122 90 AP 2l?~ At . 15

NB— 12 3 90 AP 2l~ At .149
l5°/~ HMX

At the s tart  of the program , an extremely s imple  t ransmiss ion holographic
optical arrangement was set up around the combustion bomb for the purpose of

establishing initial feasibility . The arrangement is shown in Figure 11. In

this figure , the beam from the rub y laser illuminator passes first through

a glass wedge which di vided it into the holographic scene and reference

beam components. The reference beam is the light reflected from the

front surface of the wedge. The scene component is the preponderant

amoun t of light (9O?~) which passes through the wedge and was

incident on a 90’ glass prism. The prism reflects the laser light

into the combus .ion bomb through the small window . The coherent

13
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Fi gure 10. View of combustion bomb when propellant was being f i r e d .

114

L.~~. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- ~~~~~~~~~~~ - -
~~~~ -

I-
0

4JU 0
4, —

E ’e- C.’
I

2 J  \ h
-

~~ I \
e 1  \ .~~~~~~~

• -
~~ ~~~

—— - .— C ~~ t
~~. m - 0 C

N •; ~
in ~— - ,n

- • L. 
~ ‘- o

— i ~ .0 C 
-
~4, 0 E -— —

S ~~ ‘ 0 ~~ U.

_ _ _  
0 t

j ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

--

,.—
~ / ,

,

— -  ~~~~ 
• - • •

—- -~~~—-~~- 
- ---— --- -~~~~~~~~~~~~~~ -



___________________________ — - 
~~~~~~~ a -

~~~~r !  ~~

l aser  l i ght passes throug h the combustion phenomena , through the far window ,

through a mecha n i c a l  camera sh utt er , and was incident on the ‘~o1ogram plate.

The reference beam is the small lO ?~ por t ion of laser  l i ght tha t i s

reflected from the first surface of the wedge beam splitter. This beam was - -

expanded by a negative lens and then collimated by a 24—inch focal length

telescope refractor. The enlarged and collimated reference beam was re-

flected off a plane mirror (a silvered optica l flat) onto the sensitized

hologra phic plate. * The reference and scene beams passed through one ano-

ther at an angle of approximately 75 0 at the ho l ogram plate . The hologram

(according to the princip les of ho l ography) records the optical interference

between the holographic scene and reference beams . The fringes are neces-

s a r i l y  c lose , be i ng of the order of 0.7 microns.

Holograms were reco rded of both the fastest burning propellant

(Mx—70) and the most luminous prope llants (MB—122) using samples up

to 1/4 x 1/4 x 1/4 inch size. Examples in terms of photographs of

ho l ogram reconstructions are presen ted in  Fi gures 12 , 13, and 14 . For

these pictures , the holograms were reconstructed with a helium—n eon laser.
The three-d i mensional images were photographed w i t h  a camera having a 180
millimeter lens. For both examples (see Fi gure Il), a ground glass diffuser
was placed before the entrance window of the combustion bomb . The combus-
tion phenomena was recorded in silhouette . The size scale of the two pic-
tures can be judged by the width of the i gnitor Wi re, which was 0.008 inch
d i ameter (200 microns). Careful inspection of the Fi gure 12 image showed

particles of 20 mi crons size as well as quasi—opaque filamen ts. Fi gure 13
shows that 1/4 inch wide samples are opaque .~ * Fi gure 14 showed that MX—70
was almos t transparent. No parti cles , however , could be resolved . These
examples at least showed that ho l ograms could , in fact , be recorded of the
combustion o~ small so l id  rocket propel lants.

° Al l  holograms made on th is  program were recorded on Ag fa 8E75 ant ihalated
hol ograp hic g lass plates . After exposure , the plates were developed to
proper density in a 1: 14 solution of Kodak HRP developer , water rinsed ,
fixed in a 1:3 solu tion of Kodak Rapid fix , rinsed for 1/2 hour in
run n i ng  wa ter , and dried in air.

Later in the program , it was found tha t these reg ions of o pac i t y  were
in ac tua l i t y  time—averaged ho lograp hic fringes , which could be greatly
reduced by recording holograms with laser pulses of shorter duration
(i .e., 5 nanosecond instead of the norma l 50 nanosecond pu l ses).
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Fi gure 12. Pho tograph of the reconstruction of a hologram of
the combustion at 500 lbs/in 2 N

2 of 1/14 x 1/14 x 1/16
i n c h  samp le of NB—79 p r opel l ant burnin g in the RPL
comb us ion bomb. The hologram was recorded in the
Figure 11 two-beam holo grap hic appara tus wi th
rear ground g lass illumination. The recons truction
was photographed at f i ll.
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F i gure 1 3. Photograph of the reconst ruct ion of a ho logram of
the combustion at 500 lhs/in L N2 of I /Li x 1/4 x 1/Li
inch sample of NB—l2 3 burning in the RPL combustion
bomb (reconstruction photographed at f/8) .
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I I I .  PHASE I - RESOLUT I ON MEASUREMENTS

The Figure 11 holographic arrangement did not give particularly good

resolution . Part ic les smal ler than 20 microns could not be seen . The

setup was tested statically using a 1951 resolution chart as the test

object.* The widths of the bars for different col umns and row numbers

are amassed in Table II. The Figure 1 1 apparatus was found to give recon-

structions with a resolution of 8 microns when ground glass was inserted .

and 3 microns when it was removed . The results were encourag i n g , but not

high enough for the goals of the program. Rathe r than record more holo-

grams of combustion , under less than optimized conditions , it was decided

to concentrate on the problems of hi gh resol ut io n. A new ho l og r a p h i c

arrangement , shown in Fi gure 15, was constructed for these tests . The

reference beam angle could be chang ed , and the mode of illumination could

be changed quickly, from ei the r collimated or diffuse type of illum i nation

by the insertion of a pair of ground g l a s s  p l a tes .

For the holographic arrangement shown in Fi gure 15 , the beam from the
illumina ting Q—switched ruby laser was in i t i a l l y  collimated to 12 cm dia-

meter. It was next split into scene-reference components by a large wedge

beam split ter. The reference beam was reflected off a meta llized optica l

fla t which travelled along an ellipse. As a result , the refere nce beam
ang le  could be va r i ed , yet maintain path match with the scene beam. The

scene beam was reflec ted off a pair of front surface mirrors onto the

hologram. The mirror spa tially matched the scene and reference beams when

the ground glass diffuser was withdrawn . The resolution chart was six

inches away from the hologram , which closely approx i ma ted the closest dis-

tance of combustion phenomena in the bomb . Holograms were recorded at

scene—reference beam ang les of 30 , 45, 60 , 75, and 90 degrees.

The 1951 resolution chart is a series of vertica l and horizontal three-
bar patterns whose spacing decreases according to the follow i ng equation.

{ Column Number + 
Row # - 1 }

Spacing = 2 Line Pa i r s/ Mi ilime t er

The resolution of any op t ica l appara tu s i s de ter m i ned by s e e i n g  how fa r
down the pattern can be read. A pract ica l de f i n i t i on  i s h a l f  the
readable bar spac ing .

20
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The mode of ill u m i n a t i o n  consisted of either d i rect or coil imated

illumination at two different scene-reference beam ratios , or diffuse

illumination with the pair of ground glass diffusers eit her just behind

the resolution target , 3-1/2 inches behind the resolution target , focused

to infinity by a 20 focal lengt h co l l i m a t i n g  l e n s , or ir~aged on thi bob —

gram by a pair of the same lenses. The latter type approx~ r u te s the mode

of illumination of a focused ground glass holocamera of the type del ivered

to RPL under the earlier l i q u i d  rocket engine program (Contract FO~ 6l1— 69—C—

0015). A summary of the different resolution tests is presented in Table I l l .

For these tests , reso lu t ion  was taken or def ined to be the m iri r r urr d iscer nab le
bar width of the 1951 pattern . The results are the best  of seve ra l  c i f f e r e n t

tests. In general , the 75~ scene—reference beam angle hologre~rs gave the

h i g hes t resolutions .

• 
To learn abou t the effects of a wavelength change between the record-

ing and reconstructing steps , a set of holograms was also recorded with a

helium—neon laser and reconstructed with the same laser. The results are

shown in Table IV . Compar ison w ith the ruby—heliu m neon las ers results

i n Table I l l  shows only a sli g ht improvement in resolution ~-.i th non—lens-

assisted holograp hy when the re is no change in ~-ave len gth betueerc recording

and reconstruct ion.

The second row of Table IV shows a variation in reference beam arrange-

ment , namely, the effect of the addition of a second reference beam. Com-

parison with the one reference beam case (upper row) shoc-s a 2O~: resolut ion

improvement for the diffuse i l l u m i n a t i o n  condition.

23
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Table III

SUMMARY OF R E SO LU T I O N  OF
NON—LENS-ASSISTED “RUBY- -He—Ne ’’

HOLOGRAMS MADE IN FIGUR E 15 APPARATUS~~’~

Collima ted -

e Scene Beam Diffuse Rear Il l u m i n a t i o n

Scene— Scene to Scene to D i f f u se r I D i f f u se rs ‘ Diffusers
Reference Reference Reference P a i r  3 1/2” D i f f use rs  Focusea
Ang le , Ratio Ratio - Jus t Behind Behind - Focused onto
Degrees 1:1 1: 10 Res. Tar get Res. Target To Inf i n i t y  H o b o~ rarn

30 0 
3.li.~ 3. l  7u 7~ 6 .2~

45° 2.7 3.5 7 7 9.8 5.5

60° 3.5 3 .1  8 6 6 .2 6 .2

3.1 2 .5 ~

- 

5,5 - 5 • 5

900 3.9 3.9 8 8 6.2  8 .3

Scene was Air Force 1951 Resolution Target 6 inches in front of hologram.

+ Reconstructed by reverse reference technique . The reconstructed real
image of the chart was expanded with a microscope to limits.

Tab le IV

SUMMA RY OF RESOLUTION OF HELIUM- N EON- -HEL IUM -NEON

HOLOGRAMS t’:A DE IN F I G U R E  15 APPARATUS

Collima ted -

Scene Beam Diffuse Rear Illum i natio n
Scene-Refe rence ______________________________________ —

Beam Angle Scene—Reference ~ i f u s e r  Just  Ber i in a Re - ~o~ u :ion T ar - :e :
(degrees) (1:10 Ratio) Diffuser P a ir -~~a1 -~~ass

750 Z 6

75 0 

~ 47° 2 14 .5
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Lens-Assis ted Hologr~phy

I n this approach to high resolut ion , a set of 1 :1 imag ing lenses is

used to relay the object onto the hologram. The technique is subtle in

that numerica l aperture is prov ided by the lenses , while the hologram now

records the phase and amplitude information (i .e., 3-- D information) about

each point of the object over a small portion of its surface . This is

contrasted to conventional (non—lens—assisted) holograp hy where each point

of an objec t is spread over the entire hologram.

The a s s i s t i n g  lenses fo rm or p r o v i d e resol uti on , i t bei ng remembered

tha t resolution of any optica l apparatus is simp ly

x

where N .A. = n sin i , and i is the half—angle subtended by a point on the

object (or a particle and the aperture of the lens or recording system) .

The hologra phic concept wh i ch is being employed or exploited is the

fact that the aberrations introduced by the focusing )enses can be sub-

tracted away when the hologram is reconstructed back through the recording

lenses by the reverse refe rence beam techniq u e. The lenses then g ive , in

p r i n c i p l e , a perfect reconstr uction , limited in resolution by their own

numerical aper ture. To work in this manner , the lens and ho l ogram are

considered as a s i n g l e  op t i c a l  e l e ment. Th ey are  mou nt ed r i g idly together.

One arrangement of the two can be seen in Figure 5.°

Initi a l  tests were conducted with a set of antireflection coated simple

plano—convex lenses which had enough aberrations to preclude a sharp focus.

As wi th the non—lens—assisted tests , test holograms were recorded for

both collimated and diffuse types of illumination . Holograms were recorded

with both ruby and helium—neon lasers.

° I n  th i s  arrangemen t , the ho l ogra m , a 4 x 5 inch glass p late , was
held kinema tically by machinist pins pressed into an aluminum plate.
Af ter exposure , the plate could be chemically deve l oped. When dried ,
it was replaced (prec i sely) in the holder for the reconstruction
step described later.

25
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The optica l arrangement is shown in Fi gure 16. The holog rdm h~~ld~ r

and foc u s i ng le n ses we re r i g idly connected . The resolution ch art (or

object) was not at the conjugate 1 : 1 image position of the hologram . I--

stead , it was purposefull y put 3 centimeters out of focus , sufficient ~o

tha t the image of the hologram under diffuse ill u m i n a t i o n  was blurred .

For reconstruction , the lens—kinematic plate holder with deve I ’~ped

hologram was set up as a unit before the collimated beam from a 60 rn i l l i -

watt helium—neon laser , as show n sch ema t i c a l l y i n  F i gure 17, and ac t u al1 ~
in Figure 18. The hologram was reconstructed by the “reverse reference

beam techn i que .” By this method , the ho l ogram produces a counter—prop a-

ga ting version of the wave front ori ginally incident upon it. The secret ,

as noted above , is tha t all lens aberrations are removed when the recon-

structed counter—propagating wave front passed back throug h the lenses .

Beyond t he lenses , a rea l (ae r i a l )  image was formed at the or i g inal  image

position . This image could be examined microscop i c a l l y, as seen in

Fi gures 17 and 18.

- I n i t i a l  test  resu l ts  were encourag ing. The resu l t s  are presented in

Table V . In genera l , resol utions approaching the ultimate were achieved

when there was no change in wavelength between the recording and recon-

structing steps. For holograms recorded with a ruby laser and recon-

struc ted with a helium—neon laser , the reconstruct ions were no better than

the non-lens—assisted holograms , when the scene was diffusely il l uminated .

For c o l l i ma ted i l l um i n a tion , there was a clea r factor of two improvement

in resolution , provided the focusing lenses were achromats. The lens—

assisted ho l og raphic techn i que was adopted for the rest of the program ,

with the recommendation that future work be done with lasers in which there

is no change in wavelength. A candidate laser is doubled YAG which gener-

ates single and multiple Q—sw i tched pulses of green l i ght (0.53 microns).

U n l i ke ru by ,  this laser can operate continuously in the green where the

eye has good sensitivity. Holograms would be reconstructed with the con-

ti nuous version . The shorter wavelength would g ive even better resolution .

Si nce the resolution results were hi ghe r than any that had been

achieved to date , a paper was prepa red for publication in App li ed Op ti c s.~

° R, A . Briones , L. 0. Hefl i nger , and R. F. Wuerker , “Holograp hic
Microscopy, ” Applied Optics, April 1978 (reproduced in Appendix I I I ) .
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F i gure 18. Pho tograph of method of recon struct ing le ns—assisted ho loq ra~~~.
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Tab’e V

L E N S — A S S I S T E D

SUMMARY OF RESOLUT I ON OF PRELIMINARY HOLOGRAMS

MADE IN FIGURE 2 APPARATUS

Scene Illumination
Reference Double Opa l

Recording Laser Beam Collimated Diffuser Glass

Ruby 30 ° 1 < 6p 7 p

Heli um-Neon 30 “ 3 3.5

Hel i um—Neon 3Q
0 & 45° — — 2

In working up the A pplied Optics paper , com p a r i s o n s  were made be tween

the resolution of the hologram recor istructions , the resolution of the

examining microscope , and the differences between the resolution of the

microscope when it is using incoherent w h i te l i ght or laser li ght. The

paper is reproduced in Appendix II I .  Figure 8 of this paper hi g hli ghts the

l ens—ass is ted  development by showing bot h the three—d imens iona l i t y  and
high (~ 

l- p) resolut ion of the technique. ° Appendix IV ca r r ies  a copy of
the companion paper which was submitted simu l taneously with the one for

this contract. This second paper tells about the earlier use of the

technique to record movies of marine plankton. The movies were recorded

wi th a 100 pulse/second (O.535p) xenon laser of 14 microsecond duration .

The xenon laser was too weak and too long in duration for recordin g pro-

pel lan t holograms .

* In this example (Figure 8 , Appendix I I I ) ,  ca rbony l i ron powder (< 14p
diameter) was dusted on one s ide of the 1.5 mm o p t i c a l l y  thick
resolution chart.  Images of these pa r t i c l es  can be seen in the
right pair of pictures . In th is  p ic ture , the reso lut ion chart is
highly out of focus. In the left p ic ture , the resolut ion chart is
in sharp focus , whi le the pa r t i c l es  are completely out of focus
(not seen). Particles as sma l l as one micron could be seen.
S imi la r  holograms were a lso recorded w i t h  the reso lu t ion chart
dusted with transparent latex spheres (“s 2v diameter) . These
could be seen in the reconstructi on , but just barely.
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Tests were also conducted with the Figure 16 apparatus on the effects
of 0.8 inch th ick windows on the resolut ion of the reconst ruct ions. It was

found that the windows did no t affect the resolutIon for the collimated holo’

grams , but did for the d i f fuse ho log rams (a factor of about 2). Their effect5

could be cancelled by inclusion of the windows in the reconstruction step.

Special thin emulsions (15 micron thick gelatin) gave no gain in

resolution over norma l 30 micron thick gelatin emulsions. Unhypoed plates

also gave no imp rovement in resolution .

Phase I Combustion Ho l ograms

Holograms were recorded of propel lants at 500 lbs/in 2 using the focused

image holographic technique. The apparatus was already shown in Fi gures 3, 14,
5, 6 , 7, 8 , 9, and 10. Col l ima ted , di f fuse , and scattered l ight (dark f ie ld)
types of illumination were tried . For the collimated type holograms , a

Wratten #70 and a Neutra l Density fil ter were placed in the camera shutter

(Syncho Compur with tested 5 mil l isec maximum speed) . These reduced the

flame li ght to below the film fogging levels. The ND f i l t e r  a lso reduced

the laser scene beam to below (1/ li) the reference beam intensity. For

diffuse and scattered li ght recordings , the ND filter was removed . Metalized

propellants now fogged the film. A narrow band (0.39 inch thick) filter

was added . 1n conjunction with the 5 milliseconds shutter duration , it was

sufficien t to reduce the film fogging effect be l ow the laser exposure. A

photomicrograph of the recons tr uct ion of the reso lu t ion char t taken th roug h

the 0.8 i nch thick fused quar tz window and 0.39 inch thick narrow band

filter is shown in Appendix III  (see Figure 12). The resolution was not as

good as with the filter removed . The smallest bars of the 1951 chart were

resolved (these are 2,2 microns wide) .

Examples of the reconstruction of a collimated holog ram of the com-

bustion of MS—23 fuel under collimated li ght conditions is included in

Appendix II I  (see Fi gures 9—12) . Each picture is of the same holograp hic

reconstruction and is at hi gher and hi gher magnifications . The last pic-

ture of the sequence (i.e., Appendix I I I , Fi gure 12) represents verifica-

t ion of a major program mi lestone , name ly, reso lut ion in a combustion

environment of better than 3 microns .
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In general , it was found tha t for collimated illumina tion , the therma l

cells strongly refracted the laser li ght , with the result that par ticles

were hidden. One could see par ticles only inside the uniform region s of

these cells , but not near the boundaries.

For forward scattered li ght illumination , i .e., where the collimated

scene light was blocked at the focus of the assisting lenses , the situation

was even more severe. The scattering of laser li ght by particles was com-

pletely masked by the scattering by therma l cells , Particles , as a result ,

could not be seen or identified by forward lig ht scattering. This mode of

recording was abandoned .

The diffuse light ho l ograms showed minima l refracti ve effects. Par-

ticles could be seen and identified . Unfortunately , the diffuse li ght rub y

laser holog rams were not as high in resolution when rconstructed with a

helium—neon laser. Later in the Phase II part of the program , a “moving

diffuser ~ scheme was discovered as a way of restoring some of the lost

resolution of the diffuse lig ht ho l ograms .

An example of the reconstruct ion of a d i f f use  light hologram is  pre—

sented in Figure 19. It was of MX—70 fuel burning at 1 000 lbs/in 2. Par-

ticle size can be estimated from the burned 220 micron diamet er i gnitor wire.

The program through Phase I was reviewed at the Rocket Propulsion

Laboratory, December 20, 1 976. Following the presentation or forma l pro-

• gram review , the attendees were invited to view some selected combustion

ho l og rams. These were reconstructed in the lens—assisted holder with a

RPL—provided helium—neon laser . Any image coul ci be viewed with the eyes

or magnified with a pocket magnifier or microscop e. At that time , it was

decided to continue the p rogram through Phase II .
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Fi gure 19. Photograph of recons t iuc t ion I di f fuse Ii g u t  hol ogram 11

combustion of 1/14 x 1/8 x 1/1 6 inch piece of MX—7 0 solid

rocket fue l burn ing at 1000 l b s / i n 2 chaniber p ressu re.
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IV . PHASE II

The Phase I effort demonstrated the feasibility of recording holograms

of the combustion of small 1/14 x 1/8 x 1/16 inch solid propellant samples

at high pressures (< 1 000 lbs/in 2). A rub y laser ‘‘focused light ” ho lographic

system yielded , under coil imated illumination conditions , holograms of non-

meta llized propel lan ts (MS 23) wh ch reconstructed (with a helium—neon laser)

to ~ 3 micron resolutions. Collimated illumination holograms showed li ght

refractive effects due to therma l cells. In some cases (MX—70 propellant) ,

the cells were numerous enoug h to make particle identification nearl y im-

possible. The therma l cel l  e f fec ts  precluded any type of forward scat tered
l i gh t holography. Diffuse light holograms were not as 5ubject to therma l

cell refractive effects due to the fact that diffusers provided a continuum

of i l lumination ,with the result tha t therma l cells were averaged .

Metallized fuel ho l ograms we re , in addition , character ized in their

reconstructions by regions of opacity . This was thought to be a holographic ,
rather than a particle density, effect .°

The Phase II effort was concerned w i th the further refinement of the

holographic techni ques ini tiated under Phase I. The primary goals of the

Phase II e f for t  were :

• particle velocity

• by multiple exposure ho l ography ,

• flame densi ty gradients

• by holographic interferometry ,

• propellant surface characteristics

• by reflected li ght ho l ograph y,

and

• partic l esize di s tribut i ons

• by anal ysis of holographic images .

* Later in the Phase II program , thi s suspic i -n was verified . Holograms
were recorded w i t h  order of magnitude shorter pulse durat ions (‘i. 8 nano—
seconds). The reconstructions were relatively clear of opacities ,
which verified tha t the opacities were , in fact , ‘ time averaged
(transmission) interference fringes. ”
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I n  add i t ion , the authors were to more systematically record different

Air Force prope llan ts (see Table I).

Suffice it to say, all of these tasks were investi ga ted and were solved

to various degrees of satisfaction . The Phase II effort is summarized in

a paper which was presented by one of the authors (R. A, Briones) at the

JANNAF Combusion Meeting (August 18 , 1977, at Colorado Springs , Colorado) .

This paper is reproduced in Appendix V. The paper includes , in addition ,

the Phase I development of the lens—assisted method . Examp les of the

recording of different propellants are a part of the paper . This paper Is

the rea l program summary . It should be read carefully. Other aspects

and deta i ls  of the Phase II effort are summarized below,

Short Pulse Recording

As noted above , holograms of metal lized fuels recorded with 50 nano-

second Q—switched pulses showed reconstructions characterized by opacities .

Examples of this effect for NB— l22 propellant are seen in Appendix V ,

Fi gure 15. To check whethe r this was a pa r t i c le  density effect or a holo-

graphic effect , the laser pulse duration was reduced to ‘~‘ 10 nanoseconds

with a pulse chopper.~ Recordings with the pulse chopper were far more

transparent (see Appendix V , Fi gures 7 and 8). Pulse chopp ing , however ,

had the adverse feature of reducing the total laser energy to almost in-

sufficient amounts , needed to properly expose the hologram and compete with

flame li ght fogg i ng .

So important were short pulses to the record i ng of ho l ograms tha t a

block of time was spent trying to reduce the laser pulse to even shorter dura-

tions by mode-Locking techniques , Althoug h mode—locking a ruby laser had

been successful nearly seven years ago,~~ with a D.D.I, dye cell , attempts to

The pulse choppe r was a piece of laboratory equipment which had been
built by the authors under an earlier program . Basically, the output of
the laser is directed into a laser—tri ggered spark gap filled with a 50/50
mixture of argon and nitrogen. The beginning of the Q sw i tch pulse short—
circuits the gap. This launches an electrical pulse of 10 nanosecond dura-
tion and voltage equa l to half-wave vo l tage of a Pocke l cell , down a coax
line. When the pu l se hits the end of the line , the cell opens and li ght
of a duration equa l to the electrica l pulse duration is transmitted . A
pulse choppe r was included with the Phase II I  laser.

Earlier work produced a mode-locked train of 2 nanosecond pu l ses separated

L 

from one another by 7 nanoseconds (the cav i ty  t rans i t  time) .
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repeat these earlier results fai led . New or fresh dye was ordered from

the manufacturer; even this would not yield mode-locked performance . The 
- -

mode locking had to be abandoned for lack of time and other program -

•

priorities.
1.

Ref lected Light Ho lograms

Reflected light holography of the burning surface used the ang l ed
viewing window (see Figure 8) that was a part of the combustion bomb .

This meant cutting the fue l surfaces on a bias. Initially, the focused

image technique was tried . These, however , proved too dif ficult in inter-

pretation . Either it was a comb i nation of asti gmatism (due to the lO~ wave-

length shift on reconstruction) or the fact that the propel lants were some-

what translucent to ruby laser li ght. The images just could not be interpreted ,

even of non-burn i ng samples. The focused image reflected li ght holog rams

were abandoned . Instead , non—lens—assisted holog rams were tried, The

optical arrangement is shown in Appendix V , Figure 19. Not only could the

surface be seen , but , in addition , the particles could be seen by their own

scattering of the laser ligh t. Examples of these recordings are seen in

Appendix V , Fi gures 20 and 21. Visualization of particles by scattering - -

was a surprise , particularly since the forward lig ht scattering attempts

had failed . Apparently, the therma l cells did not refract li ght beyond

the forward scattering ang l es, leaving the particles free of such effects.

Rotating Screen

During the analyses of the reflected light holograms , a scheme was

discovered by one of the authors (R. A. Briones) for improv i ng the resolu-

tion of the hologram reconstructions. It consists basically of projecting

the aerial holographic image on a screen and then moving the screen at

rates greater than eye flicke r rate. The method seems to supçress speckle

no i se. In addition , it made view i ng the reconstruction easier. One ver-

sion is shown in the Appendix V summary (see Fi gure 11 ). In this version ,

the image is ba ing relayed by a first microscope objective onto a rotating

screen . The seconda ry image is being viewed by a second microscope objec-

tive . The screen (a piece of mylar) was attached to a rotating disk.

This arrangment was not as satisfy ing as the one i n  wh i ch the screen

passes through the primary holographic image. The rnicrc.scope views the
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mov i ng screen. However , in this latter arrangement , one has to be careful that

the screen does not flutter beyond the microscope ’s foca l p lane . Attempts were

made to wr i te up the rotating diffuse r technique as a paper for publication ;

however , the proof of claimed improvemen t proved too hard to document via

pictures . The preliminary efforts are presented in Appendix V I I I .  The

effort was considered a diversion , and had to be abandoned.

Ho logram Anal ys i s

The rotating viewing screen was used in the careful analysis of a

small 1/2 cubic m i l l i meter portion of the image reconstructed from a diffuse

l i ght hologram of MX—7O propellant. The vo l ume is outlined in Appendix V ,

Figure 9. It was 0.66 millimeter above the burning surface and extended

from the mid-plane out for a distance of 12.7 millimeters. Every particle

in this volume was located , assigned relative Cartesian coord i nates , and

sized (assigned an effec tive diameter), The analysis was carried out with

the rotating screen technique shown in Appendix V , Fi gure 11 . In this

picture , one can see the dial indicators and travelling eyep iece tha t mea—

- sured , respectivel y, the particle positions and size . Within the chosen

volume , 569 particles were found . They ranged in size from 85ii diameter

( largest ) to 2.5 microns ( sma l les t ) .  The latter were be l ow the 6.5 microns

granularity size (due to diffuse li ght r e c o r d i n g  and reco ns t ruc t io n wi th
a helium— neon laser) . It is claimed by the authors that the rotating dif-

fuser made or effected the improvement in resolution!? The counting was

manua l and qui te laborious. It took 8 days! The data are reproduced in

Appendix V I. The da ta were plotted as a particle size distribution to

demons tra te tha t ho log raphy  cou ld , i n  f a c t , g ive quantitative information

abou t solid propellant combustion .* The resulting particle distribution is

presented in Appendix V , Fi gure 10.

Double Exposure Holograph y

Double exposure techniques were next investi ga ted as a way of deter-

mining par ticle velocities. In addition , the techni ques of h o l o g r a p h i c
interferometry were consIdered. The tests were begun while recording re—

f l e c ted l i ght holograms ; none of these proved anything conclusive about

This da ta was one of the princi pal  h i gh l i g h ts of a ta l k  g iven  by the
au thors at ar AFOSR Meeting (March 1 1 , 1977), Lancas ter , Califor nia.
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the ability to determine veloc i ty from a double exposure image. One could

not correlate particle images. Transmission images proved no better ; one

could not tell which was the second position of a particle. The tests ,

however , d i d  lead to some good differential ho i ographic interferograms ,

examples of wh i ch are shown in Appendix V , Figure 16 . No fringes could

be seen around the individual particles , ind i cating that they were probabl y

in  therma l equ i l i b r i um .

Conven tional interfe rograms could also be recorded , only for the

collima ted illumination condition . The first exposure was taken prior to

combustion , and the second exposure during combustIon , Examples are seen In

Appendix V , Fi gures 12 and 13. Puzzling st i l l  is the fact tha t the diffuse

ligh t ho l ograms showed no fringes. Reasons for  the d i f f e r e n c e  be tween the
two have not been settled.

To elimin ate the confusion about the double exposure holograms , a new
holocamera was constructed. It is shown schema tically in Appendix V ,
Fig ure l7.+ Two images are recorded on the same plate , except that because

of the different reference beams , the images can be separately reconstructed .

Examples of two different images taken from the same hologram are presented

in  Fi gure 18. D i rect viewing is much better , sinc e the pictures can be

rapidly bli nked back and forth. One sees the images jump . By measuring

the distance and dividing by the known time separation between the two

laser pulses , one can compu te the velocity and direction of the different

par ticles. For example , MX—70 propellan t at 500 psi pressu re showed par-

ticles mov i ng at a speed of 6 meters/second . The double reference beam

ho l ocamera demonstrated a new techn i que for determining particle ve l ocities.

Tests with the double exposure double reference beam method ended the

Phase II program .

The Phase II ef for t  was rev iewed by the contract ing of f icer  May 1 9 ,
1977, At that time , it was decided to continue with the Phase Il l  effort; to

recons truct the existing RPL laser * and to package a ho l ocamera to record
double reference beam tranmsision ho l og rams as wel l as reflected li ght

+ It is also discussed in Appendix IX , which is the writeu p of a patent
disclosure . - 

-

* This laser was delivered by the authors under an earlier program. It
is described in R. F. Wuerke r , “Instruction Manua l for Ruby Laser Holo—
grap hic I l lum inator ,” Contract FO 146 IL-6 9 -C- 001 5 ,  February 1970.
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holograms . The laser was to be modified for multiple pulse capability.

In addition , pulse chopp ing both pulses was to be investi gated , a feat that j
had not yet been achieved. In summary , the Phase II effort showed that:

• Particle velocities could be determined from double exposure
double reference beam holograms .

• Therma l ce l l s  could be recorded by conventiona l transmission
(collimated) double exposure holograp hic interferograms .

• Propellant surfaces could be recorded by reflected li ght
non lens assisted techniques.

• Surface de tail was poor , due ei ther to the
translucent nature of the surface or because
i t  was l i qu id .

• Particles could be seen by their scattering of
laser ligh t.

• Qualitative information about particle size and size distribut ion
could be realized from careful analysis of holograms .

• Rotating a viewing screen , through the aer ial  image ,
imp roved resolution and viewing.

1-
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V.  PHASE III

Background

Phases I and II of the present contract demonstrated the f e a s i b i l i t y  - . -

and i mportance of record i ng holograms of the combustion of solid rocket

propel lan ts in a small high pressure combustion bomb.

In addition , four new facets apropos both holograph y and the recording

of combustion of small particulate were discovered during the course of the

experimental ef fort .  These include :

• The use of “assisting ” lenses to increase the resolution of a
holog ram.

• Resolution increased better than a factor of two over
conven tional holography when there was no change in
wavelength on reconstruction .

• Coll imated transmission il lumination gives hi ghest (one micron)
resolutions , even with 1O~ change in reconstruction wavelength.

• The need for diffuse rear illum i nation to visualize particles in
the presence of small (half millimeter) therma l cells (characteris—
tic of solid propel lant combustion).

• Particles become hidden in therma l cells when the scene is
illuminated only in transmission by collimated illum ination .

• The need for extremely short (10 nanosecond or less) laser pulses -
. 

-

to record meta ll ized propellants.

• Gas density changes result in “time—averaged fringes ” when
holograms are recorded with 50 nanosecond pulses .

• Rap id double exposure-separate image holography.

• Requires a holocamera with separate reference beams .

• Images can be separately reconstructed .

• Such images y ie ld par t ic le  ve loc i t ies  without confusion .

Detai ls are summarized in the Appendix V rev iew paper. *

* 0. George , R. A. Briones , and R. F. Wuerker , “Holography of Solid . -
~Propellant Combustion ,” SPIE Meeting , San Diego , Cal i forn ia ,

August 25-26 , 1977. . 
- 

-
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Holocamera

The Phase I and II results led to the design of a new holocamera . The

first version is schematically diagrammed in Figure 20. Further details are

gi’en in Appendix X. The new design differs from earlier holocameras

pr imar Ul y by the incorporation of a pair of assisting lenses and by the

addition of a second independent reference beam .

The assisting lenses , as seen ear l ier , make possible the achievement of
high resolutions when holograms are reconstructed by the reverse reference

beam techni que. * These relay lenses provide the numerica l aperture needed

to achieve high resolution . They need only be simple piano-convex lenses;

however , achromats have been shown to be best when there is a change in

wavelength on reconstruction.

Wi th the two independent reference beam paths , two separately recon-

st ruc ted images can be recorded on top of one another (i.e., on the same
plate ). The beam sp l i t t e rs  that provide the reference beam) are arranged
so that they reflect only vertically— or horizontally—polarized li ght ,

respectively. This is achieved by ti pp ing the beam splitters to the

Brewster angle .~ As a result , each reflects only the li ght (l5~) whose

electric vector is parallel to the plane of the reflecting surface; neither

reflects any of the orthogonally—polarized light. For the Fi gure 20

arrangement , the reference beam direct ions are chosen by the polarization
direction of the inpu t laser pu l ses.

As a result , two independent separately reconstructable images are
recorded on the same plate . Holograms recorded on a rapid double exposure

basis will show, on reconstruction , the particle field at two different

intervals of time . Particle motions can be followed if the pu l ses are

separated by time short enough (~ 10 microseconds) so that the par t ic les

have moved not more than five or ten diameters . Particle veloc i t ies
fol low natural l y from such unique record ings.

~‘ Ibid (see in particular Figure 2).

+ At the Brewster ’s angle, no polarized l ight is reflected from a glass
surface whose direction of vibration is in the p lane determined by the
direction of propagation and the surface normal. The effect is
exp lained in the holocamera instruction manual (see R. F. Wuerker and
R. A. Briones , “Operation Manual for Lens—Assisted Multi ple Holocamera
w ith Reflected Li ght Opt ion ,” December , 1977) ; see Appendix III.

1+ 1
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The new holocamera is completely passive. It can be used with any

linearly pola rized solid state laser such as ruby , doubled ruby, d o u b l e d

‘(AG , etc., whos e ou tp ut p u l s e  p o l a r i z a t ion ca n be ro ta ted wi th an ex te rna l
elec tronic half wave plate such as a Kerr cell or a Pockel cell.

The new holocamera requires only a laser system tha t emits two

or thogonally—polarized output pu l ses. The first pulse is reflected by

the first beam splitter. None of it i s  r e f l e c ted by the second bea m
splitter. Most of the light (72°~) passes throug

h the splitter into the

scene beam portion of the holocamera . The ho lo camera records a ho l og ram
of the scene with a reference beam of positive angle with respect to the

scene direction . The second orthogonally—polarized pulse is not reflected

by the first beam splitter, Only the second Brewster angle splitter re—

flec ts a l5?~ por t ion of l i gh t and d i r ects t a long  the second reference
beam path (corresponding to the negative angle reference beam) . The

second ho l ogram is recorded superpositioned over the first on the same

photosens i tive plate. After development , the two i mages can be sepa ra te ly
reconstructed by re—illumination from the two d i f f e r e n t reference bea m
directions.

The holocamera can be used as a conventiona~ ho loca mera by s i m p l y no t

rotating the polarization of the second pu l se. It will then record

conventiona l rap id double exposure ho l ograms and holographi c interfero-

grams .

The reference beam mirrors are located so that the two reference

beams are both spatially and temporally matched . The scene beam is

similarly matched . Tempora l ma tching permits recording of holograms

with lasers of low temporal coherence. Spatial matching accommodates

lasers of low spatial coherence (such as a Q-switched rub y laser). The two

m i r r o r s  and the inver t i ng  lenses i n the scene arm of the new ho locamera
were needed to spatially match the scene beam to both reference beams.

The scene is p laced between the invertl i g lenses and the assistin g

lenses. Events are transilluminated by collimated scene li ght. T h i s  mode
of illu mination gives highest resolution (particularly for rub y holograms

reconstructed with a helium—neon laser of lO?~ shorter wavelength). Diffuse

illumina tion will be achieved by i nser t i ng a p i ece of grou nd g l a s s  j u s t

after the last inverting lens (or anywhere behind the subject) .

1+3
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The a s s i s t i n g  lenses provide the numerical aperture needed for

microscop i c resolutions. Narrow band filters (transpa rent to the laser

l i g h t , but reflecting at all other wavelengths) are placed between the

two assisting lenses. These filters in concert with the mechanica l

shu tter reduce the flame light to be l ow the laser l i ght levels.

The assis ting lenses and the ho l og ram plat e holder are fixed ri g i d l y
together so that the combination is considered to be a single optica l

elemen t. The two are mounted so that they can be wi thdrawn as a un it

for the pu rposes of load i ng f r esh plates or for reconstructing alread y

processed holograms.

The holocamera also prov i des a reflected ligh t option , This

is also diagrammed in Figure 20. Fc’~ reflec ted li g h t recording , the

second reference beam is re-routed and used to record non-lens- -

assisted ref lected ligh t holograms , Si nce the first reference beam is

undisturbed , it will be possible to make both a simultaneou s transmission
hologram and reflected li g ht holograms of the same event. For such record-

ings , the hologram should be further covered with sheet polarizers to
minimize fogging due to the non—used orthogona l polarized scene light.

In summa ry , t he ho locamera shown in Fi gu re 20 and bu i l t  under Phase
Phase II I  has the following features:

• Superpositioned , but separately reconstru ctable , h o l o g rams .

• For record ing 3- D par t i c l e pheno mena a t two separa te t imes .

• Hi gh resol ution.

• 2 microns for co l l im a ted  i 1 lum i iat ion and for hel i um—neon
laser reconstru ction of ruby laser holog rams .

• 7 microns reso l ution for diffuse li ght hol ograms , rub y l ase r
recorded and hel i um—n eon reconstructed.

• Non—lens—assis ted reflected li gh t op t ion

• 10 micron reso lu t ion

• Par ticles subj ect to ho l ography ’s mo t ion condi t ion ,

“To be recorded , optical path must not change by more
than one—tenth wave .”
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• Six-inch di ameter scene volume , to accommodate the
RPL combus tion bomb (see Figures 8 and 9).

• Holograms are recorded on 4 x 5 glass plates.

• The assis ting lenses and p l a t e  ho l de r are a s i n g le unit which
can be easily removed from the holocamera for purposes of re-
loading with a new plate or for reconstructing the ho l ogram .

A pair of solenoid actuated shutters are a par t of th i s
assembly and will also serve to fire the laser .

Rub y Laser I l lum inator

The laser which was o r ig ina l l y  del ivered to RPL forc record i ng ho l ograms

of li quid rocket propellants was rebui lt.~ ,+ The rearrangement of components

in the laser is shown in Fi gure 21. Inspection wil l  show that the same laser

chest was used ,and cons i s t s  i n te r n a l l y of a rub y laser oscilla tor and a ruby

laser amplifier. Changes which were made include the permanent addition of

two Kerr cells to the oscillator cavity . These are for the purpose of rapid

double pulsing the output , with pulses separated anywhere between 1 and 1400

microseconds. Wi th two Kerr ce l l s  in the laser , the  to ta l  cav i ty reflec-

tivity must be increased. This was done by replacing the single element

sapphire etalon by a double quartz etalon . The new oscillator will produce two

pulses of nom i nally 1/8 joule content each and typically 50 nanoseconds in

duration. Such pulses are turned by a pair of prisms (a paF t of the

original apparatus) and passed through the amplifier rod . The amplifier

has a single pass gain of three .

A small Kerr cell was placed at the output of the amplifier. It is

for the purpose of rotating the plane of polat i zation of one of the double

pulses from the oscillator. The output of the entire assembl y as described

is two nominall y 3/8 joule , 50 nanosecond each , orthogonally—polarized ruby

laser pulses. Such emission is required to record separately reconstructable

ho l og rams in the Figure 20 ho l ocamera.

The laser is also capable of genera ting a single 7 nanosecond pulse by
the pulse chopping technique. For this type of pulse generation , a second

Kerr cell is placed before the input to the amplifier (see Figure 21).

R. F. Wuerker , “Ins truction Manua l for Ruby Laser Holographic Illumina-
tor ,” Contract FO46I1—69—C— 00l5 , February 1970.

+ The laser was rece i ved from RPL on June 16 , 1977. It was shi pped back
rc ’ u i l t  to AFRPL on December 21 , 1977.
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A Clan polarizing prism directs the light f rom the oscillator into a spark

gap which when fired launches a voltage pulse which biases the Kerr cell

to the half-wave voltage for a few nanoseconds . Light rotated during the

brief energ i zation of the Kerr cell passes through the polarizer to be

amp l i f i e d  by the amplifier ruby .

For the pulse chopper to work , the oscillator ’s output polarization

must be rotated throug h ninety degrees , electrically biasing the Kerr cell.

Since the spark gap can be fired only once , the pu l se chopper can be

used presently only to record single exposure 10 nanosecond ho l ograms.

Mul tiple exposure pule—chopped holograms are beyond the capabi lity of

the present equi pment.

The RPL laser was completely rebuilt. New flash lamps were installed ;

rubies were repolished ; end mir ro rs  replaced ; Kerr cel l  rebuilt and others
added , as seen above , for the pu rpose of douhle pulsing, rotating p lane
of polar izat ion, and pulse chopping,

In summary, the rebuilt oscillator has the following capabilities :

• Single pulse , Q—sw i tch operation , nominally 50 nanosecond , 1/2 joule.

• Double pulse operation , nomi nally 50 nanosecond , 1/4 joule pulses.

• Polarization change of second pulse

• Required for record i ng separately reconstructable holog rams .
in the new holocamera (Figure 20).

• Single pu l se chopped operat !on , n. 7 nanoseconds , 1/10 joule pulse.

Multiple Pulse Chopp ing Effort

Effort was also spent at the beg i nning of Phase III  on the problem of

pulse chopp ing both of the n~ 50 nanosecond double pulses from the TRW

Q-switched ruby laser .

Laser triggered spark gaps can be fired only once in a millisecond

period due to the ion i zation of the gap. A scheme for pu l se chopping two

Q—switched laser pulses would great ly  enhance the usefulness of the new laser
holographic. system. For this reason, effort  was spent on the double pulsing
problem.*

* In the present spark gap pu l se chopper , the total (50 nanosecond) light
pulse from the laser is diverted by a polarizing prism (see Figure 21)
(Con t ’d on next page)
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An obvious solution to chopping two laser pulses would inc lude a
second laser—triggered spark gap, a second polariz er , and a second elec tro—

optical cell. Such a solu tion would be unwieldy.

Several p o s s i b i l i t i e s  we re invest i gated to no avail. These included :

• A shor ter spaced , h i ghe r pressure laser-tri gge red gap.

and 
• Caps filled wi th an electron—attracting gas (such as SF

6
) ,

• Vacuum gaps.

A l l  had log ica l foundat ions. It was argued that the smal l  amount of

energy (‘~a 20 kV in  100 ~pF ~r 0.02 joules) in the charged cable was ba rely

enough to cause appreciable ioniz ation . It was hoped that as a result the

gap could , i n  fac t , recover i n times shorter than a millisecond , particu-

larly if elec trode ends were moved closer , a nd some a ttachi ng gas was

added .

The vacuum gap+ was tried in the belief that metallic ions would come

from the electrodes (released by the laser pu l se) and would rapidly condense ,

permitting the gap to be recharged faster than a gas—filled gap.

The vacuum gap fired like the gas—filled 9ap, but could not recover.

The gap continued to conduct for severa l hund lu d microseconds after being

triggered by the laser. Tha t is to say, like a gas-filled spark gap, the

vacu um gap is also filled with therma l ions which kept it conducting.

(Footnote cont ’d from previous page)
into the spark gap. Onset of the laser pu l se fires the gap, in terconnect-
ing  a piece of elec t r i c a l l y cha rged cabl e with an uncharged cable. A
vo l tage wave is launched of magnitude equal to the hal f -wave vo l tage of
a Kerr cell. The Kerr cell is conn ected to the end of the unchanged
cable . The cable is terminated in i ts cha rac te r i s t i c  impedance. A short
high voltage pu lse (proportiona l to the cha rged cable length) is applied
to the Kerr cell. This amount of light is passed through the diverting
polar iz ing prism .
Continuous ionization of the gap prevents char- ing the cable a second
time. Stated another way , the charged cable cannot be recha rged until
the gap has completely de on i zed , a time of typically one millisecond .

+ Achieved simp ly be evacuating the gas-filled laser-tri ggered spark gap.
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All of these eff-orts to shorten the recovery time of a laser-tri ggered

spark gap led to our reconsidering vacuum photod i odes.* A quick ca1culatl0~
showed tha t such diodes should , in fact , be able to discharge or charge a

Kerr ce l l  or Pocke l ce l l  in times shorter than the “v 50 nanosecond laser

pulse duration . Photocathodes such as S—i have sensitivities of ‘. 2 mA/W .
Thus , a 1 megawatt laser input should produce “~ 2000 amperes of saturated

photoelectric current ! Such a cur-rent would discharge a 30 ULF Kerr cell

at  a rate of

dv I 2000 volts= 6 6  .dt C 30 ~i~F picosecond

wh i ch , g i ven a 20,000 volt bias , would mean a 0.3 nanosecond discharge time .

Even a factor 10 less photocurrent would be adequate!

A photod i ode is of interest due to the fact that it is a vacuum dev i ce

and there fore will  not be subject to any deion i zation effects. Like any

vacuum dev i ce, it shouid be recha rgeable electricall y in microsecond times.

The difficu l ty with a vacuum photodiode is the space charge law . This

law limits the amount of electron current which can be drawn between two

parallel plates of area A , separated by a distance X and at a potential of

V (vol ts);

I — 2.34(~~.) v3”2 liamperes . (2)

Space-charge—limited va l ues for an FW 4000 diode are presented in Table VI
for spacings of 0.6 cm (standard spacing) and 0.3 cm.

The gas filled spark gap in the line pulser was replaced by a

FW 4000 photodiode, Currents of ‘~. 10 ampere peak could be drawn . To

Increase the current , a 2500 uuF capacitor was connected to the diode .

It was added to keep the voltage across the diode during discharge.

Peak currents of 50 amperes were achieved ; however , they continued beyond
the duration of the laser puise. It was argued that ions we re being
liberated and the diode was becoming a gas discharge device .

* Product of ITT Company. The FW 4000 photodiode has a 3.8 cm diameter
(11. 3 cm2 area ) photocathode separated from the mesh screen anode by
0.6 cm.
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Tab le V I  -

- 
-

SPACE CHAR GE LIMITED CURRENTS .
.

For FW 4000 Photod jode 
- 

-

(Photocathode Dia . = 3 .8 cm , Area — 11.3 cm2)

Cathode Anode Spacing

Voltage x = 0.6 cm~ x ~~~~~

1 ,000 2.3 9.3

2,000 6 ,6 26

5,000 26 104

10,000 73.7 295

15, 000 135 5 14 1

20 ,000 20 8 8314

25,000 291 1165

30 ,000 383 1 532

* Standard spacing .

50

_ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



- -  - - — — - ———--—— ‘~~~~~ —-— - — - — - — ‘  ~~~~~~~~~~~~~~~~ 
_ _

~~~~~~~~ — -  - 
- 

Clearly, a diode of closer spacing was desired. To make a long story

short , a diode was taken and i ts  spacing reduced to 0.3 cm (i.e., to one— 
—

half) , by simply heating the glass envelope to the softening point.

The photodiode survived this rather roug h t rea tmen t wi thou t ei ther
los i ng vacuum or po i soning the photocathode. When connected to a 200 pii F

capaci tor , the diode passed a peak cur r en t of ~ 1+0 amperes (30 nano-
seconds after irradiation) , enough to discharge a Kerr cell. The diode

did not conduct e l e c t r i c i t y  after the end of the i l luminating pulse . It
is now bel i eved that such a diode could be used to pulse chop a ruby laser.

Since it is a vacuum device , i t w i l l  not have recovery problems and will

chop each pulse of a double pulsed laser emission .

A patent disclosure has been prepared . It is included in Appendix V I I .

More development needs to be made on the vacuum photod iode pulse
chopper , before i t can be used reliably. Additional tasks include a diode

w i t h  short spacing (2 m i l l i m e t e r s )  as we l l  as d i f fe rent  (heavier) anode

structure . Such developments were beyond the scope of the present effort.

Fur ther development on the photodiode chopper was discontinued .
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V I . SUMMARY AND CONCLUSIONS

A lens—assis ted transmission holographic apparatus has been success— - 

- —

f u l l y  used wi th a rub y laser to record three—dimensiona l information about

the combustion of small propellant samples at hi gh press ures (~~~ 
68 atmos-

pheres). The holograms were reconstructed wi th eye-safe helium—neon lasers.

Collima ted illumination of the combustion environment gave reconstruct ions

wi th  2 micron resolut ions; howeve r , for most propel lants therma l cells severely

refracted the laser lig ht. Diffuse rear— liguted reconstructions gave resolu-

tions of 6 microns due to enhanced speckle effects due to the wavelength differ-

ence between the ruby and helium-neon lasers . Viewing the projected holographic

images wi th a mov i ng screen improved resolution by 303~, or to 1+ microns.

Acquisit i on of quan tit at ive partic le size and spatial distributions was

demonstrated by manua l measurement of the 3-D position and size of the

individual reconstructed particle images from the hologram .

Laser pulse durations shorter than the conventional 50 nanosecond

Q—switch pulses are required with meta llized propellants to avoid time-

averaged interference effects. A laser— tri ggered s p a r k  gap pu lse chopper
was used to reduce the rub y laser pulse duration to “~ 10 nanoseconds. Even

shor ter pulses are desired . Pulse wid ths of 2-5 nanoseconds are achievabl e

wi th mode l o c k i n g  techni ques.

Particle veloci ties from 1 cm/sec — 
~ 1 km /sec can be measured from

double  exposed ho l ograms in  a spe c i a l  holoc amera w it h sepa ra te ref erence
beams . Each pulse was routed along a separate reference beam path . The

two images can be reconstructed separately, avoiding any confusion abou t

the particle identifications and motions.

Hologra ph i c  in terfe rograms can be recorded . Conven tional (first ex-

posure prio r to combustion) double exposure holographic interferograms

can be recorded only with collimated in terferograms . Rapid double expo-

sure interferograms can be recorded with diffuse illumination with pulses

separated by less than 100 microseconds. Interferograms show optical path

changes (products of refractive inde~t and physica l length of change). The -
.

technique can be used to compute gas density.



-- ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ 
-

Reflected light holog rams can also be recorded with 50 nanosecond

pulses . These showed particles by their scattering of the laser lig ht
as well as the burning surface when it was viewed obli que l y. Surface
detail was poor , probably due to the transparency of the surface to laser
l i ght.

The diffe rent types of recordings are summarized in Table V II .

In summary, i t was found that laser holog raphy can acquire micro-

scop ic quan titative data on the combustion characteristics , par t i c l e  s i zes ,
particle velocities , the rma l cells and gas density variations of small

burning solid rocket propel lants at hi gh pressures. The techni que should
be applicable to a wide variety of combustion phenomena . Clearly, tech-

niques for handling the vast amounts of information on a ho l ogram need

to be developed . Table Vllsummarizes ho l ographic techniques used to record
combustion phenomena.
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Tab le VI I  - -

SUMMARY OF HOLOGRAPHIC TECHNIQUES USED TO - 
- 

-

RECORD COMBUSTION PHENOMENA I
- . 

-

Col lima ted Diffuse Reflected
Illum i na tion Scene Beam Scene Beam Scene Beam

Single , Plume cha rac te r i s t i cs .  Good condit ion s for Examinat ion
50 nsec Surface sillhoue tted par ticle census, of surface .
Laser a g a i n s t br i ght back- Resolution loss due Qualitative
Pulse ground . Hi ghest to speckle. Par ticle information

resol ution . Bothered field free of gas onl y.
by refrac tory effect refractory effects.
of hot gases,

Single , Same as above. Has Same as above , but Examination
10 nsec , better time resolu— danger of fogg ing due of surface.
best for tion. Able to freeze to l ower output from Qualitative
h i ghly the more v io lent  laser. informatior
metal l ized gases. Has lowe r out- only.
fuels put energy from laser ,

thus fogging problems.

Interferometry Onl y means of record- Fringes washed out. Not
ing inter ferograms Not usefu l technique. applicable.
w i t hout washing out
fring es. Fr i nges
hide pa r t i cu la te .
Can yield burn rateS
of surface,

Di f fe rential  Shows rate of fringe Particle count and Not
Interferometry g rowth. Can show direction of movement applicable.

burn rates between suspect . Fringe
pu lses , thus uniform— growth rate is obtain—
i ty of burn along able and fringes are
surface , free of refractory

effects.

Rapid Double Resolu tion hindered Best condition for Not
Pulse , Two by r e f r ac to ry  e f f e c ts veloc i ty mea su reme nt ap p l i c a b l e .
Reference of hot gases. record i ngs. No
Beams fringes to hide

particles.



V I I , RECOMMENDATIONS

The biggest improvement would be the use of a doubled ‘(AG laser to

record the combustion holograms. As no ted e a r l i e r , such holograms cou ld
be reconstructed without any change in wavelength. Reconstruction would

be with , pre ferably, a continuou s wave doubled YAG laser , although a pu l sed

xenon gas laser could also be used .

Mode locking tests should be com p leted to generate shorter laser

pul ses.

The photodiode technique for pulse chopping should be carried to

comp let ion (developed).

Amplifier techni ques should be deve l oped to increase the energy of the

10 nanosecond-pu l sed-chopped li ght pulses.

Systems have to be developed for the automatic (electronic)

retrieva l of particle size and position data (spatial coordinates) from

the reconstructed images.
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APPENDIX I

O R I G I N A L  CONTRACT STATEMENT OF W OR I

* The contract started June 21 , 1 976. It was completed December , 1977.
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OFFICE OF ORG IN: AFRPL /DY SC
DATE : 27 May 76

EXHIB IT ‘1A1’ to Con tract Subl Inc I tem 000IAA

STATEMENT OF WORK

1 .0 ~NTRODL~CTJfl~L:

Li Laser holographic techniques have been used successfull y in
characterizing liquid droplet sp ray fields under rocket hot firir .o cz rd i t i c ~ s
by yie ld ing quantitative data . In iti al contractual prcar ar-s spcn scred by t~e
Jet. PrupuLion Lab ( l96~ ) and the A FRPL ( 1969) de monstrated the f e a s ib i l i ty
of app ly irq ho lograph y to irvest iqate the conhus tio n ~rc c esse s ir l i c -j id

— r acket  c-j :~i n~~ - A stthsa quent RN in-h :uso rrcgreni , l-~ot Snra~ Cha ra c :eri st~cs
(19 /3), appl -led i~ ~cr holograph y to  acc 1ui re c -.iantitat ive prop el la nt  d roo~ et
sIze and spat ial  :i~ tr inut ion dat- i  f r r - deve l c ~~ent of corr e lat io n ecuat i ~ rs
and distribution func tions to ob’~a i r  bet ter  m o d e l l i n g  of the atomizaticn
process in a combustion envir ormo nt.

1.2 Ana logous to the need for droplet data to model licuid rocket
combustion is the need for particle size and spatial di~ trihu tivn data to
model combust ion of r-eta l l ized sol id ro cket prope1l~nts . Part icle s ize a nd
spatial distribut ion information is used in th~ anai ys~s c-f s te ad y s ta t e  ~~
oscillatory eo~ibjstien prcce sscs . ~ccu is iti cn of accurete , qua r t ’ :ati- .-e
data undc-r actua l hot firin g cordi t icrs will lead to better unders t ~~r:
solid propel la r t ccr ~b u s t i a n .  This in turn will aid in the develc:—e no c~more accurate anal ytical models to predict performance and ccrbust icn sta~~~~:~ .

1 .3 Certain diacinostic and particle data acquisition eoui o—ent ar.~
techniques , such as mi crophoto graphy in window bomb tests ard the par:-ft~e
collection dc -vice , a-c pre sently be in~ used for solid pr -oo ellart ccm~ustion
inves ti gations. These are usefu l but have s:-e lim itati ons which can be —

overcome if laser holography can be successfu lly applied , The holo craoh ic
technique can provide a 3-dimensional repr oducti on ef the tota l p art ic1 e-~ as
flow f i el d , without disturbing the field , with ore pulse of a ruby ~ase r .
Holograp hy provides the opportunity to acouire quantitative data cf part~cie
size , velocity and burn rate , while nicrophotcgrap hy data is Qualitative in
nature. Also with holography the parti cles can be observed in their actua l
location in the gas field , whereas this can no t be accomplish ed with the
particle coll ection device.

1.4 Early at tcnpts in  1969 to appl y laser holo gra phy to solid prcoel-
lant combustion investi gations net with very li m i ted success due to a r.u-~’e”
of reasons. The effort was too small in scope to permit adecuate d eve T o : - e r t
to dcmonstrate feasibility and a poor choice of exoerinental apparatus ar~
propellant sample size provent el the recordina of high quality holcgra’is.
Since tha t time extensive experience has been acquired in holoQraph ic

Pa ge 1 of 5 pages
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applicat ions and a number of advances have been made in the development of
holographic techniques. These advances , when coup’ed w ith the need for
accura te part icle data ind the potential advantaees of the holooraphic - -

technique , as discussed in Paraqraph 1.3 , provide sufficient qrcunds for
the re—examination of the application of holc~raphy to the characterizationof solid pro pellant combustion. Successfu l applicati on of the holcaraohic - -technique will enhance better understanding cf the burning characteristics . -

of solid propellants and provide an increased capability to better - -

characterize the combustion of new and existing solid propel lants .

2.0 OBJECTIVES: -

- 2.1 To demonstrate feasibility and devel op the capab ility to e-oply
the laser holographic technique to quantitatively characterize the particle
size and spatial distributions in the ccmbusti on gases near the surface of
a burning meta llized solid rocket propellant.

2.2 Additional objectives are to develop the capability to
1) ma ke detailed observations of the burning propellant surface character-
istics , and 2) measure the velocity of the smallest discernible particles
and aluminum burn rate by multiple pulsing laser holographic methods.

2.3 The final objective , once the objectives of para 2.1 and 2.2
are met , Is to modify the existing I~FRPL laser holographic equipment to
render It capable of tcquiring the types of data specified In para 2.1 and
2.2.

3.0 SCOPE:

This program will be conducted in three phases as described below :

3.1 Phase I: Feasibility Demonstration and Technique Development .

Non-combustion laboratory and bench tests will be conducted to
obtain the proper optical component arrangements to achieve the objectives
of the program . The scene volume for these tes~ts will be a simulated
combustion bomb in which an inert propellant ~nra in , presized particles or
resolution target will be installed to deterr~ine resolution capabilities
and develop the various holographic techniques to acquire the different types
of data of interest. Initial combustion tests wi ll also be conducted in
this phase to demonstrate feasibility of the techniques in a combustion
env I ronnnent.

3.2 Phase U: Development and Verification of Holograph ic Techniques

In this phase , the various hologra phic techniques w i l l  be applied
to combustion tests In a window bomb for further development , such as proper

Exh ib it NA”
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I 
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setting of the scene-re’c renc e beam i r ens I ty rat i o , in the ac tual
environment of interest. Tests to demonstrate adecuate resolution and
multiple pulse results under hot firing conditions will be conducted for
verification of the techniques.

3.3 Phase III: Jns ta 1l at io~ and Demo~ist ration of the AFRPL LaserHolc .graphic [quip:r ent

Upon successful cc-m~~eti3n of Phases I and II, the existing
AFRPL lase r ~:ic~~aphic ouip -i c-~: .- i i l  :~ mcd i~ ied to render it caoable
of a~q~ -~rini ~ toe v.~ric~s types of data cf ~nterest to estab lish an in-house
capabi 1 ty.

-4 .0 ~?C~~ K 
-
~

-~.i Ph~~e I: F-~asi5~.i~~ ~ ~~ tr~t;cr arid Tecnniques Development

4.1.1 The contract:r shall sur- ;~y th~ various holographic
techniques fo’ their ap oi icabi ’i~ zy to t he  inve st ication cf burnmn c solid
rocket proQe~ l~ r~ . Da ta of interest abcjt toe orcoellant incl uci es: 1) meta l
particle size an d snatial di strio uticn near the surface of a burnin ç oropell ant
a t pressures u p to l~OO ps ig in a ccr’busticr .-. ir dow bomb apparatus , 2) burninc
su rfac e char ac~~r~~tics , 3) rnir c rate of —e t al partic ~es in the cas stream ,
4) veloc ities of a: least the sma l est discerr i:~e oarticl es jr tre gas stream
above the burnin g pr on el lant surface and 5) flame density cradients.
Hologr aphic techniques such as bright f i e~d ho io gra oh y, scattered li ght ,
lons-.assistci~, transm ission , re flecte ci , off-axis , in-line , i n terfe~cme:ry ,
etc . ~hail  te oonsidered for their apo~ica Niiit y to accuirinc the different
typos of d~ta af interest. The contractor srail also assess the adecu~cy eftre present~ ’ usa c~ ~nrc:.- . tnmo as an experir-ert aa:aratus fcr appl~ cati cn or
holographic techniques. Any nocificatic-ns required such as placement and
orientation of the wind3ws , sh~il be made.

4.1.2 The different techni oues ~nall be assessed for their data
acquir inc, cana . i l i t ies. A ta5-~lati c-n of the advantages and disac vantages
of the var ious tecnn-nques as app l~ ed to acaui ring the data of inter est shall
be made. Item s of considera tion shall in clude resolution cap abil ity in a hig h
pressure ccn oustion enviro nment , ease of set-up , depth of field , eas e of
operation and data acci ui sit ion , ease an~ resolutio n, of holoaraphic
reconstruc tion for data retri~~al , cost c-f system accuisiticn , operation and
data retrieval , etc . The COn C IUSiOOS of this study shall be presented to the
Air Force w ith recommendations ann which techniques should ~e pursued in this
phase to demonstrate their fea sioilit y for acquirin g the data of interest.
The cont ractor shall also submit a pl an for approval by the Mr Force detailing
how the feasib ility demonstrations of the holographic techniques are to be
conducted.

Exhibit “A”
Pa ge 3 of 5 pages
Contract FO~+6l i— 76 C 0053
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4 .1.3 A systematic approach shall be taken in conducting the
feasibil ity demonstrations of the various holocraph ic technio nes. In this
phase , techn ique development sha H be initiated by conducting non -comb ustion
laboratory and bench tests. Experim ents shall be conducted to obtain the
proper optical component arrangenents , l aser pu l se ~-.idth , tire between pulses ,
etc. The scene volume for these tests shall be a simulated ccr’busticn window
bomb in which an inert prope llant cra m , presi :ed particles or res olution
target is ins talled to determine resolution cao - 3b i litie s . The resolution
objective of this nroqran is the cap ability ~o resolve particles as small as 3
microns in a comL-’ustion envi rr-nr~ent with a minimu m am ount of ecuipment
arranged in a simp lified manner. Cold flcw tests shall be conducted to
calibrate particle velocity data acquisition technicues and holographic
interfe ro~et~-v . Dimensions and infornation concerninc the existina window
bomb will be p~-ov ided by the Air Force . In addition , the initial ccmbustion
tests to demonstr ate feasibility of the technic ces ~-hen aool ied to a
combustion scene sha ll be conducte d . Propellant samples for these tests
will be supp lied by the Air Force. 

-

4.2 Phase II: Develo pment and Verificaticn of Holographic Techniques.

4.2.1 After demonstrating the techniques in a non-~com bust ion
and combust ion environment , the contractor : shall recc~~end tc- the Air Force
for approval those techniques to be oursued further for develco— ent end
verifica tion under hot firing conditicns. The ccmbusti cn tests will be
conducted with various prope llants being burned in the window bomb at
pressures up to 1000 pslg. Tests shall be conducted a~ ~C~) and lOO~ psig.
The propella nt test samples shall be provided by the Air force ano wi ll
Inclu de aluminum content from a fei, particles , 0f va rious sizes , tc 20~ by
weigh t. The ~•indow bomb will also be provided by the Mr Fcrce. After
selection of the techniques to be further devel -oced under hot firm a conditicns ,
the contractor shall submit a test plan to the Air Force for approval for
development and verification of the techniques.

4.2.2 Tests to demonstrate adequate resolution of particle sizes
and the propellant surface characteristics , multip le pulse and flame density
gradient results under the vari ous hot firing conditions shall be conducted
for verification of the hologra phic techniques. As part of the veri -ficaticn
task , the contractor shall shcw that the program objectives have been met by
reconstruction and evaluation of the holcgram-s and interfer oqrans. The
contractor shall also take simu ltaneous still phot ooraphs of the holo craphic
scene to aid In the verifi cation process. In addition , some of the verific ation
test hologranns shall be sent to the Air Force for reconstruction and
applicat ion of the data retrieval and reduction techniques devclcped under the
Liqui d In jection into a Supersonic Stream and I1~ t Spray Characteristics
programs . The Air Force shall feed back information to the contractor concern-
Ing the data retrieval results.

Exh i b i t “A”
Page 4 of 5 pages
Con t rac t FOLI6H_76—C_0053

60

~

. -~~~~~~~~~



--

4.3 Phase III: Insta llation and Demonstration of the AFRPL Laser
- 
Holographic Equipment.

4.3.1 Upon completion 0f Phase II , the Air Force shall eva1uat~the resul ts and degree of success achieved in both Phases I ari d II, end
shall assess the desirability of demonstrating the caoab ility of existing
laser—holo graphic equipment at the AFRPL for use in the characterization
of solid propellant combustion. RPL has t~~ laser Systems which shall be
considered for modif ication to render cne of V-~-- ca~a u l e  of m u’tiol e
pulsing , reduced pulse width and improved optica l resolution . Theso systems
are:
MANUFACTURER: Hol c-beam TRW

TYPE: Pulsed ~lu 5y Puisod Ruby
Series ~ O

OUTPUT ENERGY: 0.150 Jou !es 1— 3 Joules

PULSE WIDTH: 16n sec 50n sec

POWER SUPPLY: 5KV 5KV

CAPACITO R BANK(S): 220 uf 375 uf (2 each)

The contractor shall evaluate the feasib ility and orac ti cabi li t- , of ~~~~‘vm nn~one of these systems , for subse quent use by R~LI a—d su~— - t -i s reoc-m—~n~aticnsto the Air Force. Any m cdific aticns , fabrication and/or purchase of new
auxiliary equipment are to be accomplished by tb~ con tractor uo-on prior Air
Force approval . The contractor shall rircvide detailed infc~~at ion on the
recommended modifications and idennt ifj and list all new it~~ s a l o n g  wi th
statements justifying the mod if icatio n s and equiom ent acquis it 4 cn . It i s
estimated tha t these m odi fications and eaui~neot purchases would be aporoxirately
twenty percent of the tct3l program.

4.3.2 After the difi c-’tion s and :~rocuroment of new equic-nent arecompleted , th~ contractor shall 4emo nstrote Drono— functionin g c-~ these atthe AFRPL with a series of combustion tests s im i l a — to the verif ication tests
of Phase T I. Satisfaction of contractu al requir e- ents w i l l  be accomplished
upon attaini ng results equal to or better than t~q verification test resul ts
of Phase II.

4.3.3 The :ontrac~:~r shal l p~’ovide a detailed instructio nal
manual which includes the oc-crati cral procedur es for the various techni ques ,
equipment maintenance procedures and a list of replacement parts. Contractor
personnel shall instruct AFRPL pcrs~nncl i-i the app lication of the techni ques
and use and routine maintenance of any new equi pment.

4.3.4 The contractor shall conduct a prelir ? nary study to insure
that laser system operat ion is conducted In a safe ~anne— . AN SI Zl25 .l shall
be used as a guideline for thi s study . The main objective s of the study a~e tominimize physic al harm to personnel and unin tent iona l catastro oh ic fai lure of
hardware.

Ex h ib it ‘‘A”
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APPENDIX II

APPROVED PROCEDURE FOR OPERATING
THE RPL COMBUSTION BOMB AT TRW , SPACE PARK -
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SVSTIMS (~NOUP

ONI ~P*Cl PAR.~ - R(OOt~OO UFA C~~. CA~~IORN ~A ~ J2~X

INTEROFFICE CORRESPONDENCE

76. 1,3 5 1. 3 . 1 -068
i-o. TRW Hea l th and Safety cc- oATE August 10 , 1 976

SUBJECT Holographic Pressure Vessel Test System , w~o~.i R. . Wuerke r
RI , Room 10595 .oo RI MAIL STA .  1062 EXT . 6 1816

A high pressur e nitrogen gas test system has been assembled for

study ing the combustion of sol id rocke t samp les in a GFE combustion

bomb . The bomb w i l l  accommoda te fue l samples no larger than 1/1i inch

cubed. Standa rd operating pressures wi l l  be either 500 or 1000 lbs/in 2

of n i t ro g en  gas .

Bottled sources (2500 or 6000 psi g) of comp ressed nitrogen gas

will be used to pressurize the combustion bomb . The chamber wi ll be

vented so tha t smoke and products of combustion do not accumulate and

obscu re viewing , yet mainta i n the desired 500 or 1000 psi 9 operating

conditions . Gas f low duration wifl be of the orde r of 5-10 seconds .

The gas will be vented to the roof .

The complete system is shown sche matically in Fi gure 1 .

RD— l is a rupture d i s k  w i t h  a 1977 ps i g rated f a i l u r e .

RV—l is an adjus table relief va l ve set at 1200 psig.

RV-2 is an adjustable relief va l ve set at 680 psi g.

M—3 is a Bou rdon type pressure gauge wh i ch has been calibrated
a g a i n s t a h i gh quality .1~ fS accuracy Heise Gauge .
M— 3 pressure range is 0 - 15UO psi g.

SV 1, SV2 are hi gh quality stainless steel body, normal ly closed ,
solenOid va l ves. They are rated at 3000 psi g at cryogenic
temperatu res , and have been pressure tested by the manu-
facture r at 1+500 psi g. Their est ima ted burst pressure
is 7500 psi 9.

is a siril ar va l ve to the above with the exceotion that it is
a three-way va lv.— ~.nose normal ly open con dition :ar be closed
upon acr va 1 or~. Any loss of powe r in the building s il l  aflow
the system to vent throug h this valve .
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MV—2 and 4 are emergency hand va l ves which are normally closed . 
- 

-

They provide bypass functions should the solenoid - .

va l ves fail.

MV— 5 is a blocking va l ve which disables the 680 relief va l ve wheneve r
the system is operated at 1000 ps ig. It is opened whenever
operation is at 500 psi conditions. .

The system is plumbed such tha t at no time will any N2 gas be released

into the working area . All l ines are re l ieved into a 2” ven t line to the

roof.

Operating Procedu res

A . Remove unessential personnel from room.

B. Verify N bottles va l ve (Mv— I) is closed and that the va l ve power suppl y
is off. 2

C. Follow steps :

I. A sample of propellant fue l is to be mounted on the pedes tal
located inside the pressure vesse1.~

2. The gas feed line is then to be connected to the combustion
bomb and the electrical wire from the i gn i tor connected to the
power line.

3. A film plate is to be positioned in the holocame ra , and the
shutter is to be cocked .

k. The li ghts in the room (l059B) are t. be turned off. The dark slide is
pu lled . The operator leaves the room v ia  the darkroom (iO59A)
door. The double doors leading to 10598 from 1059 wi l l  be
locked from the ins ide of 10598 where the hi gh pressure vesse I

is located. No personnel are to be in 1059C when the system
is pressurized.~ *

5. When lO59B is secured , the bo ttle va l ve Mv-I can be opened to
the regulator.

* Solid Pr o oe ll ant Pre~ ara t on

Inc propel Hnt prov !ded by RPL is in the form of slabs approximatel y
1 /4” x 4” x 1+” . From these slabs , the test samples are to be cut.
A small a l u m i n u m  miter brx ~ias been desi gned for accura tely slicing
the sample. (This footnote continued on page 3.) . 

- -

**See page 4.
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(Continuation of Footnote)

* The fuel samples are present ly stored in Bld g. 67 powder room.

1 . The sample to be used will  be removed from the s torage area
and then taken to anothe r lab -area where a 3/4 inch slice may —

be cut from the parent slab.

2. The pa rent slab w lll then be returned to the oowde r room .

3. The miter box will then be used to cut propellant to sample sizes .
Sample sizes wil l  be placed in a small me ta l container for trans-
portation to RI for testing.

a) Face shield and lea the r g loves are to be worn in the initial
4—inch length slicing from the parent slab.

b) Onl y safety glasses need to be used when the sample sizes
are handled .

4. Small samples may be glued (with Duco Cement) into position atop
the pedestal of the bomb platf o rm .

5. Bomb platform can then be secured into the pressure vessel body .

6. Cut propellant samples wi l l  be stored in metal b ins in Room lO59B .

65
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6. SV—3 (N.O.) va l ve i s  ac t i va ted  closed .

7. SV—l is opened , al low i ng the vessel to be pressurized to
the predetermined va l ue .”~’

8. Laser power supply is activated to prime the laser energy
banks .

9. Powe r is applied to the i gn i ter wire .

10. Upon i gnition , Sv-2 is opened. (I gnition will be mon i tored
via a photod iode device disp layed on an osci l loscope .)

11. Laser is fired (this includes activation of shutter) . 
-

12. When ignition mon i tor shows tha t fue l incandescence is
terminated , the va l ve SV-l w i l l  be closed , thus shutting
off  the supply and opening SV-3. The vessel should bleed down
to - zero - th rough SV-3. Pressure release is moni tored by MV- l .

13. SV-2 will be closed .

14. SV-3 w i l l  be opened .

15. When sys tem is secured , l 059B may be entered to retrieve p late - -

for development in 1059A .

16. When f i lm  has been secured , li ghts may be turned on in Room
1059B for visual inspection of component and plumb ing. -

:

a) Check windows for damage or occlusions.

b) Check for mechanica l dislocations or  mechan i ca l damage ,
loosened window bolts , etc.

17. Rel oad and repea t as necessary .

**Flow pa rameters for a given fuel sample w i l l  be controlled by the
downstream needle va lve (M V-3) . -

Conservation of gas to increase the numbe r of runs dictates the unpe r
bound of the flow, whereas vis i b i l i t y  dete rmines the l ower bound.

A numerica l dial w i l l  be ou t on the needle va l ve such that for a g ven
fue l samole an empirically known posit ion can be used to contro l the
flow at the test pressure desired.

A chart will he made of needle va l ve positions vs. static pressure - -

setting necessary to produce a flow condition for both the 500 ps i and
1 000 psi.

Once this is available , the hologram and fuel sample will dictate the . 
-

needle va l ve setting, ergo the pressure setting.
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Holographic microscopy

R. A. Briones, L. 0. Hetlinger, and R. F. Wuerk er

Au - i t  usu - . I r niIs ~ i uuui ho iigra~ h~ ,.cltu-n u- Iii ohi o a I I lu-n ’. nid hiul igrartu ru- treated as a single rigid
u n t i l  V .  is tuuuun t l I i  ret-i nstruct i i-I) di t rac t ion html , ‘I  i w hen re( ri- .truct -- ) , o i i h  a ref er ence beam
o- \ t - r s i -d  link ci ~ uugh the original It-ns h i u g r a i n  unit. R- - -c s t r l ic t i ii u-an hi’ pu-r iormed w ith wavelengths
ot her han I he ru-s - r d  iig a a celengi Ii . provi ded -tel r u - ii ,- isi-d - and I he ru-lu - ri- n - u- beam angle is
pr~~ s dv -hiungt- d j r  recon~ t r u c t ion. Cuu nuparis i’. a r - n td. si Cell Hi- N,- and ruFus laser holograms.
lw - flits-r u n resu ,liit i,ii 1 the t iitlj iistiin I -. ini roc ket r i - p i— l la iu ts  at high ri-~s c c r i - ~ us arh u-v ,-d at a wor k-
ing distaiu e u - I  c t - nt.

This paper presents th e results of resoluti on tests A He- Ne or a Q - swi tch ed ruby laser was used to
with the type of lens-assisted-holograp hic s at e m  de- record the holograms in this stud . All holograms were
scribed in the accompany ing paper) The recording recorded on ant iha lated glass Ag fa Gevaert 8E75 plates.
apparatus used in the present tests  is 5hown scheinati- The p l ates were p laced in the kinematic  plate holder ,
cally in Fig. 1. It di ffers from the more conventional exposed. removed , and processed , i .e., developed in a 1:4
holographic arrangements by the rigid attachment of solution of Kodak H I-U’, wate r-r in sed ,  fixed in a 1:3
a pair of focusing lenses to a kinemat ic  plate holder , solution of Kodak Rapid Fi x ,  wat er-r insed again , and
The lenses provide the large numerical aperture needed air-dri ed .
for resolution. The hologram now records only over a For reconstruction , a developed plate is put back into
small area the phase and amp litude of the aberrated the kinemat ic p late hold er , and the unit as a whole (i.e.,
wave front incident upon it. lens—plate holder assembl y and hologram ) was placed

Achievement uf h igh resolution with the Fi g. I ar- before the - iu l l t mat ed a-am from a He--N e laser so that
rangement is based upon the f act  that  aberrations due the reconstruc ting beam retrace s the original reference
to the lenses can he holograp hically eliminate d (sub- beam direction ) -t This m ode of illumination causes
tracted ) by reconstructin g the hologram (via the reverse the holograms to generate a backward traveling version
reference beam technique ) back through the focusing of the orig inal wavi - I runt .  Phase errors are subtracted
lenses.2 For this reason , the focusing lenses are rigidl y away as the aherr ate d wave f r on t  passes back again
attached to the kinemat ic  p late holder. The method through the focusing b u s e s ? In theor y , a nonaberrat .ed
of reconstruction is diagrammed in Fig. 2. As ilkis- wavefro nt e ltie r g e s from the  lenses , identical to the
trated , the 3-D recreated images can be examined with original scene wavefront . 11111 t ravel ing  in the opposite
a conventional microscope. direction. A :1-1) aerial image is reconstruct -ed beyond

For our resolution stu dies a lHh l optical test  pattern the lenses which can h i- viewed (Fig. 2 ) w i th  the aid of
was used as the principal test objec t . t ‘l’he pa t t e rn  was conventional m agnifiers.
placed within 2cm of the hologram ’s conjugate location. Resul t s for the case of -ol l im ated (speckle-free) rear
It was rear-illuminate d by e i ther  i - u l l im a ted or diffuse i l luminat ion are pre sented in Fig. 3. The first picture
laser light, the latter being achieved by t he insertion of in the group is a t e st ut the  examin ing  microscope (10
either ground or opal glass c li t i t i s e i c-  in to the scene beam , x t t 3  N A .  objective ) . miam ely , a phui tomicr ograph of the
as shown in Fig. 1. The diffusers  give images charac- t i n e — t  column ut the l~ I i l  char t . r u -ar - i l luminated  with
terized by speckle or granularity effects . The reference collimated white  li ght .  The second picture is a similar
beam was collimated . test. except w i t h  the  chart  rear -i l luminated with a col-

l imated He Ne laser beam . It shows the effects of co-
herent  l ight .  The th i rd  and four th  p ictures are pho-
tomicrographs~ f hologram reco il—i r tmc tions, played back

t’he auth r ire with I R\~ Is Fun 
~ “~ 

i e ‘,ssO nu ( r tip Re ac ord mng to the Fig 2 method from holograms recorded
duundo Reach, ra f t -  ~,u 902:5 

- with the a r r a n ge r i cu t  ri F ig. 1. I’he third picture was
Received 2 ,  j uly i - c  both re(-orded and rei -onst r u i c t e d  wi th  a He—Ne laser
000:t-69:t5- s/ lc i l5 -u - I —u ~~ 

I l ( ~: t : ’ t-~ ~ 
ni ) ‘l’he ( to rt h p icture was recorded with a

P175 Optical Su p&leIv ‘f \ r nu- r j i  i rti hv l , i — u- r  (ii I - l t  pill ), vet reconstructed with a He—Ne
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- laser. Comparison between the second and third pie-
I 

- 
- - ture shows that- the reconstructed image is on a par with

I ! - 

“ the direct laser image. The fourth picture shows that
- 

: - U 
- 

- a 10% change in reconstruction wavelength barely re-

- “ -‘ I - -  
. .

- 7/ F igure 4 is a similar set with the chart rear -illumi-
~~ l~ 4’ solves the last row.

)j \j / “ nated by a ground glass diffuser. As in Fig. 3, the first
- 

‘
~~~~ picture is a direct photomicrograph with white light.

The second picture had the white light source replaced 
- - by a laser. The third and fourth pictures are hologram

- reconstructions (as per Figs. 1 and 2), the third being the
us~ - 

He-Ne recorded and reconstructed , while the fourth is
- ruby laser recorded and He—Ne laser reconstructed

- 
- - The ground glass diffuser produces speckle and gran-

Fig . 1. Schematic of two-beam lens-assisted holographic arrange ularity effects in the laser images. For the fourth pie-
ment. tures , the 10% change in reconstruction wavelength

creates noise that drastically degrades the reconstructed
. . .  image; resolution is at best the sixth row , third column

(6-Mm bar width) . The He—Ne recorded hologram re-
- 
::±~~~

:J” 1 - 
construcfs to the seventh column-third row (3-pm bar

I - 
- . width ) ,  which compares favorably with the direct laser

- 

,
~
, ‘, - photomicrograph (second picture), good to the seventh

i... . .  - . column-fifth row. White light gives a speckle-free
— 

I ~~~
- ., ! ‘ j  - image , good to the microscope’s numerical aperture.

~J \j — - ‘
~ To better demonstrate the superior resolution of the

[
~~] - 

‘— 
- lens-assisted techni que , a series of nonlens assisted

I— I 
‘ ‘ - - holograms was also recorded. A conventional 750 off-

I ~~~~~ 
. - ,

. . 
axis two-beam holographic arrangement was used. The

- . 
chart was 15 cm away from the hologram, a distance that
compares with the hologram—object distance in the Fig.
1 lens-assisted arrangement. Sample recu’tnstructions
are presented in Fig. 5 for holograms recorded and re-

‘ Fig. 2. Method of reconstrue lung  lens-assisted holograms, constructed with a He—Ne laser; the first picture is the

WHITE LIGHT HeNe HeNe-HeNe R(JBY-HeNe
. . . q . . - 

- .

,.;‘;
‘~~~ “• 

:
lll = t i t -  - 

-

l I E ,  

~~
- ‘ 

. m~~ç .- .
‘ 

~~~~~~~~~~~~~~~~~~~~~

IIIE’ &
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.: 
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- 
- PHOTOMICROSCOPY HOLOGRAPHY

Fig. 3. Comparison between direct photomicrograp hs and lens-assisted huuiuugram reciunstructions. First picture, collimated white light
photomicrograph of chart taken with 0.3 NA. microsmupe. Second picture. He-Ne phiutomicrograp h. Third picture, photomicrograph of

He—Ne laser reconstruction of hologram recuurd ed with He -Ne laser . Fuu urth p ict u re , same as th ird except recorded with ruby laser.
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PHOTOMICROSCOPY HOLOGRA PHY
l”ig. 4. (‘ t u mpsi ri sui!i between diFfuse rear illunuiiusitiiun phuut uuuiiiu r iug ra~t hs and l u -uus - sissus u-uI hiuliugram recu unstruc tiuuns . First picture (lefu
is direct white light ph tuu rn nruugraph. ‘l’he sec uuuu d picture u~ a simi lar direct He N&- pfni tuuinicru ugrap h. The third picture isa phuutu micruugraph
(via Fig. 21 F the He Nc- laser reeiunstruicti uun F a hiulugrani rt-s -u u rded itt the Fig. I apparat u s w ith a He- Ne laser. ‘I’he uiuurth picture is the

same as t he third u-x i ’ept recorde d with a ruby laser. -
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i mages ~~~~~~~ P

- . 
- 

_________ u ventiuunaf (nonlens assisted( twui-
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. beam (75i( huuluugrams. Left plc-
- ‘ - - ., ture , chart rear- illuminated via
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- 

______- -. - -

OLE’ 
a 

~~~~~~~~ 

_____ ____

• ~~~~~~~~~~~~~~~~~ ~~~ 
- - . , 

- - 

same :s se:ood except with uinl’u

collimated illumination condition , the second and third beam was brought around the other side of the Fi g. 1
pictures are with the ground glass diffuser behind the lens-plate structure. (A 60° angle existed between the
chart. The middle picture illustrates a redu ct iomi in two referen ce beams.) The hologram was reconstructed
granular i ty  due to the  addition ( in recording ) o t a  see- wi th  only one reference beam (i.e., the original , using the
ond off-axis reference beam. The third pictu re is the Fig. I setup ) .  The thi rd  picture in this set is the more
inure conventional single reference beam case. (‘urn-  conventional (also using Fig. 1) single reference beam
parison of these p ictures with the recon struct ions in case , which , except for the opal glass diffuser, is identical
Figs. 3 and 4 shows that the lens-assisted techni que to the third example in Fi g. 4. Comparison shows that
gives improved reso lt ition (better than a factor of 2) . the opal glass produces even finer granularity effects

The double reference beam scheme was also teste d than  the ground glass diffuser used in the Fig. 3 tests.
for the lens-assisted situation. Sample re sults are The second and thi rd  pictures in the present set (Fig.
presented in Fig. 6 ‘or the case where the re solut ion 6) sht w that the second reference beam yields ques-
chart was rear- i l luminated by an opal glass d i ffuser .  t i onah le  improvement , hardl y enough to jus t i f y  its
The first picture in this  series is the direct ( ( ( .3 N A. ) use-
ph ot omicr t tgr aph t i f ‘he opal glass H e - N e  laser i l l u m i -  A h r i im a t i c  lenses were also proposed as a way of
nat ed char t .  The second picture is the r e c ot1s t r tn -t i on m a k i n g  the  Fig. 1 scheme less sensitive to changes in
of the  double reference beam He Ne - I l i  Ne hologram r ec on str t ic t i on wavelength. Tests with the Fig. 1 ar-
r e c t u r i s t r t i c t i t t n .  F’or th i s  case, the secuund reference ran cen ient  wi th  achromatic lenses instead of simple
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Fig. 6. Comparison (if diffuse (opal glass) rear illumination photcumicr iu graph against He Ne - He Ni- li-its is s usi  u -u i  Fuuul u ~~r ,u i u u  r ,~ t c - u  ti-
The first picture ( left ) is the direct photomicr ograp h (0.3 NA , ) .  The middle pic t u r e  was ret-iurdpd wi th tw u u ret -reiic-u ~ u i - i o u —  lilt 5 Iuu-twe,-n

eac h). The third (rig ht) picture was recorded las per Fig. Ii w ith a single reFeren t -c beam,
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Fug. 7. Comparisuun ofcollimated 
$fl

.._% - . 
- .‘ 

‘ -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
4 -gui ~~~ 

4~
’
~~~1 J . :~~~

- -. ~~~~~lenses, The left picture was re- 1 - - 
~~~~~~~ ‘ ,

cuurded w ith a He—Ne laser , the ‘ ‘ ~ I . , , - - - -

reconstructed with : He— Ne ~ ser ~ ~ III II I ~ ~~ ,1J1 ____ 

)-
by the Fig. 2 method. -i - . _ -~~~~~~ ‘~~, •~u -

u-uses showed that  only the collimated subject li ght system gives l i t t le ,  if any,  impro vement  ui\ - f .’r nonlens
holograms were improved. The diffuse light holograms assisted two-beam arrangements  when there  is ~~lO u uu
- , . i - r . -  n i i  better. Figure 7 shows the coll nated il lumi- wavelength change.
uu . i t u i u n  i’~~ u i n p ies. Comparison of the second picture The present study was mot iva ted  by part icles in

h ‘ ( i .  - r i i u l , i r  u - .i~ e for simp le lenses (i.e., fourth p ic- flames. Of interest was the smal lest size sp herical
t o r i  - n  h~ , t t  .hi i~~~ that  the achromatic holograms are particle which could be resolved by the  lens-assisted

scheme. This was investigated by recording holograms
1 u u i - i  r u t , - d  t ha t  the lens-assisted tech- of the resolution chart  dusted wi th  spherical iron car-

..,.
~ . ,- ‘ u. u. I. -~‘r..m ~ ‘ ( - i t  r u -u  , ur is t  r un -F  to the l imits bonvl powder , ranging in size from 3pm and less. Most

• - - ‘P.  - 
~~~~~ u i , ,  r - ,  ~l ap~ r ? u i r ~ The best reso- of the  particles were — ‘ 1-p m diam. Resul ts  t’rom such

- . ~~~~~ $ li~ r~~ I u , u~ , i )  r i - i  u , r i s l r u t ,  t i n g  these a hologram are shown in Fig. S which cont ains  colli-
- ~~~ ,,,,. . . u u~~t h 1’h.~ u u lb  rj ia t  u -u i  mate d (He  Nt ’ He Ne ( htd ogran i recons t ruc t  itois at

~~~~~~~~~~ ~~~~ ,. . p q — i  ~~nu t i s  ~ - - - h i  nc . — in  two dii ler ent focal s t t  t i  ogs iii the examining uili e r i scope.
— - ~~~ .~. 

, ,qs-~gg-~~ wit ‘ u - f l — f r ’ ii lung Iii th i ( i - f t  l i f i ture ,  the r t luu - r uu s uu i t i u ’  w:ls ) uuu - us eci on the
Ib~~~~’,ai’ ,~~ • F , .  . iu~ s — — u — - u t u h u rt , I i,I r tui k’s (on the u ut h i ’ r  ~i uIu- it the g lass SIII)puirt ) —
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t u c  5. P)u u t u u nuiu ruugr,i~uhs la t in  uu i t in’ l,u ui . - I run I si i u l u - r u - . u-. - . u - . t i -u l  huuluugraiui u Hu’ Nu- rccu ruk— d unit I—Ic Ni- i—i ruuu  l u - i l l  Fur the leFt
I u i i t i u r i - . the exar i lu iui i ig uiuu u ru ’ — ~~’J ui u i_ u -.  I - s  u i — u  ii no Ihi- I ’ ’ - -  ru t r u l u  h u m  ui the cha r t .  l”u ur ( he right t uuc tu i r i— , t Fu u- mu - ‘ u- I i; u— t , i -u i - .u - u I  lull the

rec uunstruct iuu lu uu t i r uu ru u a rfui unut part u~ l u - .  u ) u u - . i u  1 n il thi- ui , ur - . u i rta u - u- i t the I m m  t huu k g i a — —  j utau- that  —u t upu rt u- - I  (ii- - har t

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

, 

are comp letely out of t o t -u s , In the  r i c h t  picture,  the
microscope was focused tOl t he  l~~~t cli’s . and the  chart
is out of focus , Partic les smaller t h a n  the seventh
row —sixth  column bar wid th  can he lu uu n d .  demon-

- 
- - ‘ strating an abil i t y t uu  discern opaque spherical particles

~ 
‘~~c ’~~ . / - 

-
~~ 

of ~~l -pm diam. T’ F igure -~ i l l t i s t  ra te s  the three-di-
~ ~~ 

- mensiona litv i t t  the rec uins t ru cted images.
~~~ ~~~~~~ 

~~~~~~~~~~~ 

%.,4 ‘ - 
- •t .

~~~~
‘ The lens-assisted sc heme has a l s u u  been used suc-

- .. 
~~~ ~~~~ 

-~~ -e sst u i ly to record particle s in a combustion environ-
- ~~~ ment ,  Such recordi ngs are spectacular in scope and- - 228w depth of focus and will  be described in detail  in a

a ~~ 
- ‘ ~ Duo , forthcoming paper. .-\ p r e l i t i i ina rv  examp le , however ,

is presented in this  paper to demonstrate nut only the

• # -  
‘- practical app licat ion of the technique . hut also the

volume of space (several cubic -ent imeters )  that  can he
- ~~, ~ recorded by the Fi g. 1 ap p ara t t t s .  Figure 9 is a low.- - magnification photograph of the reconstruction of a

- 
. collimated lens-assisted u t  lograni of combustion (inside

a windowed pre ssurized combustion bomb ) of a 6 X 3
X 1-mm piece of solid rocket propella nt . The hologram
was recorded with the So -use pulse from a Q-switched

6 0 ______ 

ruby laser, The si lhouet te  of the  fuel sample. the re-
~~ mains of the 228-pm diarn i gn itor wire,  and the con-

-) .u us u uu .i~ i i i  I uu - u t i  ‘ uu p lu - t  - -~ I ij ufu i F ru - u - i ,  u —I ri i l  iuufl uuf a vection cells which re t racted t he incide n t  ruby laser
rui luv I lu Ni-I l u - u i— - u - - iS u-u ) I u~,luu’ruun uut i t , - u - , i o ) u i u — t  ui- n ii ‘.!~u tu’t’uurr light are seen. A more magnified pu irt ii in of the re—

t i l l - —s - u ru- - 1  - u i — 1 ‘ I ni iu u - - ui i~ lu- h u t  u u i l u  u) -.u ii ut ru ui -ki t uru pellant construction is presented in Fig. 1(1, Small particles can
- I uu ’ ‘(S ~~ t be seen. An even more magn i f i ed  por t ion (~~~) ) X , 0,~~i
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w ith 2t)X , (1,5 NA .  iu lij ective.
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Fig. 12. l ’hr u t uu g ruu~ihs uif re (- iu nstrt l c tuu, n ut huutuu g r ; u uu u - I .u ku- i t  wit Ii miu-ruuscope wi t h -i t IX . I l 1 1 u  N A. uilm jec l lye. I.elt picture is the same gruioping
u,f partic les seen in Fig. i t t . Iliglut uj u- t ure , res uu Itit iuun i-h urt in Iuu un ut u priuur Fur cu im bust ion.
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N.A. objective) is presented in Fig. 11. For this picture, This work was wholly sponsored by USAF/RPL
t he examining microscope was focused on a group of under contract F046 1 I -76-C-0053.
particles near the burned tip of the ignitor wire. Size
can be judged by the 7-gm spaced interference fringes References(due to the refract ion of laser light by thermal cells) .
The particles in this group were even further magnified 1, l~. 0. Hefh n~er Pt at , . AppI . Opt. 17 , 951 U978).

(40X , 0.65 N.A. objective). Such a picture is presented 2. H- Kogelnik , Bel t Syst, Tech, J. 44 , 2451 (1965).

3, The 1951 resolution chart consists of both vertical and horizontal
in Fig. 12. It rep resen ts the maximum magnif icat ion three-tar arrays whose spatial frequency (SF( varies according to
that the present lens-assisted holograms can be en- the equation
larged. Particles of —‘2—3-gm size are seen. A photo-

- graph of the reconstruction of the resolution chart , SF = 2 lco lumn ~ + 
row — l~ ( lp/mm ) .

made just prior to the actual firing, is included. The
resolution chart was placed in the combustion bomb and The smallest divisions correspond to the seventh column and six
recorded through the 19-mm thick quartz viewing port , row, a spatial frequency of 228 lp/mm (spatial period (114.4 ~m or

the 13-mm thick interference filter , an d 70 and 96 (1.0 individual bar widths of 2.2 Mm),

N.D.) Wratten filters (all included to suppress flame 4. Reconstruction of the 1951 chart holograms to highest resolutions

light).7 The resolution chart picture shows that a ruby 
could be achieved witho ut recourse to the special alignment
technique described in Ref. 2. For example, holograms recordedhologram still yields high resolution when recorded with a ruby laser and reconstructed with a He-Ne laser required

through this amount of glass. a 9~/2u- decrease in reference beam angle to compensate for the
Changes in focus enabled us to view and record par- wavelength difference, The optimum reference beam angle was

tid es throughout the entire combustion environment, found by carefully tuning the beam relative to the hologram while
Figures 8—11 show the high resolution capability of the microscopically observing the reconstructed image.
lens-assisted holographic scheme in the practical study 5. A similar test was conducted with transparent 2.4 tim polystyrene
of combustion. spheres, The spheres were harder to reconstruct due to their lower

contrast. They could just be seen in the reconstruction,
The authors acknowledge the support and encour- 6. Larger focusing lenses would permit recording even larger volumes

agement of the Project Officer , Dewey George, of the at similar resolutions.
U.S. Air Force Rocket Propulsion Laboratory, Edwards, 7. These holograms were reconstructed back through a window sec-
California. tion and a piece of glass that simulated the interference filter.
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COMPANION PAPER * SUBMITTED SIMULTANEOUSLY TO APPLIED OPTICS

- WITH PAPER IN APPENDIX l i t. THIS PAPER DESCRIBES THE INITIAL USE OF
- 

THE LENS-ASSISTED TECHNIQUE IN THE STUDY OF MARINE PLANV~TON. NO

- RESOLUT ION MEASUREMENTS WERE MADE.

L. 0. Heflinger , C. L. Stewart , and R. C. Booth , °Ho log raphic Motion
Pictures of Microscopic Plankton ,” App lied Optics (to be published
in April , 1978).
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Holographic motion pictw es of microscopic plankton

L. 0. Heflinger , G. L. Stewart, and C. R. Booth

A high-speed cine-camera system utilizing holographic principles to circumvent the res tricti v e depth of field
limitations of photomicrography is being used for behavioral studies of rapidly moving marine zoop lankton.
High resolution is achieved from small format , flexible 35-mm movie film by the development of a lens.as-
sisted holocamera. The lens images subjects close to the film in the recording process in order to reduce flat-
ness requirements ,,fthe film. Aberrations introduced by the lens are cancelled by positioning it in precise ly
the same relationship to the film during reconstruction as it occupied in recording. New alignment and
pathlength matc hing techniques for complex holocameras were developed.

I. Introduction II. Lens-Assisted Holocamera
The ability of holography to circumvent the restric- The flexibility of 35-mm film makes it impossible to

tive depth of field limitations of photomicrograp hy is guarantee that the film shape during reconstruction is
especiall y significant when motion pictures are desired identical (to wavelength accuracy ) to its shape during
of rap idly moving microscopic objects. Of particular holograp hic recording. To hel p overcome film differ-
interest to us is the study of the behavior of free-swim- ences between recording and reconstruction , a relay lens
ming p l anktonic marine organisms. By allowing an system was developed which has the purpose of forming
animal to swim relatively unrestricted in an aquarium , images of the subjects in the vicinit y of the holographic
while being recorded , it is thought that close to natural film. The lens operates at 1 to 1 with an input numer-
behavior may occur. In observing certain behavioral ical aperture of 0.24 (5-cm diam , 10-cm working dis-
seq uences, hig h frame rates are necessary to reduce loss tance). Information from a given subject is confined
of information on activities occurring between frames, to a limited portion of the 35-mm film. For example ,
A cine-holographic configuration for recording free- if the image is 1 cm or closer to the film , the hologram
swimming plankton movements was developed by Knox need be faithful only over a circle of 5-mm diam or less.
and Brooks. ’ It was also the basic system used in the Thus , all that is required is that the movie film be flat
cine-hotocamera described by Stewart et ol. 2 However , over the same limited area in both recording and play-
this on-axis system lacked the high resolution required back. In comparison , a nonlens-assisted holographic
to study important details of plankton behavior such system with an input numerical aperture of 0.24 and a
as food manipulation during feeding and other small 10-cm working distance between subject and film plane
appendage movements. The system has now been would require the film to be faithful to wavelength ad-
converted to an off-axis mode of hologram production , curacy over a 5-cm diam circle.
and further refinements were made to achieve improved It is neither intended nor desirable to form a sharp
resolution (Fig . 1). image at the film plane as saturation effects would limit

This paper describes the configuration which achieves the faithfulness of the reconstruction. Hence , a lens in
improved resolution at a long working distance (10 cm) which the aberrations are not fully corrected is used.
with a standard 35-mm movie film format (18 )( 24 mm) The lens system we adopted after preliminary trials
e.g. Kodak SO--424 or AGFA 10E56. consists of two planoconvex lenses with the curved sides

toward each other.
High resolution is achieved in reconstruction by

playing the image back through the same lens used in
- 

- - - , recording. Thus, all the aberrations introduced by the
I.. 0, Heflt~ -’er Is wit h the TRV~ Defense & Space Systems Group, . .

Flediindn Flea h. (‘a lif,,rnia 90278; the other authors are with the lens during recording are canceled. ’ To achieve this
University of (‘ al if,,rnia at San Diego, Institute of Marine Resources, cancelation, it is necessary to reverse the direction of the
l.a .l,,lla. (‘alifornia 92093. reference beam in reconstruct ion so that the subject

Received 25 .luly I977~ light passes through the lens in the opposite direction ,
0003-t;935 !Th/0315-0951$O.50/O. subtracting the aberrations (Fig. 2). This reversal must

I ti T s I)plica l S s-ietv.. f America. be precise , and thus it is critical that the positioning of
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of’ micrometer measurements. The lens is mounted inI COLLIMAT[D
SUBJECT BEAM such a way that once ali gned it may be shifted back and

for th  between recorder and reconstructor without ye-AQUARIUM peating the measurement process.
[ Precise reversal of the reference beam during recon-

struction is achieved as follows: In the recording ar-
~~~~~~~PLANK T~~ rangement shown in Fig. I there is an alignment plate.

This is a plane parallel plate of glass which is placed in
a kinematic holder rigidly attached to the lens assembly.
Prior to recording, the collimated refc-rence beam is

LEN S ( , REFERE’JCE adjusted to be perpendicularly incident on this plate.
SYSTEM ~~ ‘ / EAM The plate is then removed, and the holographic re-

A L I G N M E N T  
cordings are made. During alignment for playback , the
same plate is placed in its kinematic holder attached to

HOLOGRAM

~~~~~~~~~~~~~~~~~~~~~~~~~~

PLATE A 
the lens assembly, and the collimated reconstruction
reference beam is adjusted to be perpendicularl y m ci-

- - - 35mm dent on the plate but from the opposite side used during
MOVIE CAMERA
FILM TRAN S- recording alignment (Fi g. 2). The ali gnment plate is
PORT 

removed during actual reconstruction. The recon-
struction reference beam is thereby precisely reversed

________________ 
relative to recording by this process.

The at tainment-  of perpendicular incidence on the
Fig. I .  Recording ~Ystem. alignment plate in either recording or playback is

achieved by the arrangement shown in Fig. 3. Here a
plane parallel splitter glass (B )  diverts a portion of the

OBSERVING reference beam to a corner reflector ( C )  which returns
~ MICROSCOPE the light through the splitter to lens (D) forming a point

_____  

RE CONSTRUCTE D image at ( E ) .  The other portion of the reference light

L I 
A 

~J .N K TOR IMAGES

VARIABLE THICK- which returns a portion to be reflected by splitte r (B)NESS AQUARIUM—--I WA1~ R FILLED passes throug h splitter ( B )  to the alignment plate ( A )

CO5’iPENSATION to lens ( D )  and forms a point image at (E’). Adjust-
C ELL ment of the reference beam direction to cause (E) and

--SAM E LENS SYSTEM 
(E ’)  to coalesce guarantees perpendicular incidence of

I USED IN RECORDING the reference beam on the alignment plate (A ) .  The
plate (A )  and splitter glass (B) are then removed before

- - AL I GNM ENT recording or reconstruction.

and reconstruction , the above system directly achieves
RAM the desired precise beam reversal. The system has been~~~ 

PLAT E A When the same wavelength is used for both recording

used in this manner with a pulsed (40-~zsec) argon laser
for recording with playback by the same wavelength/ RECONSTRUCTION- 

REFERENCE BEAM 

E E —

Fig. 2. Reconstruction system.

I
i \\II

- 
- the relay lens in relation to the hologram must he the LENGTH LENS

/, ,-LONG FOCAL

same during reconstruction as during recording. In our 
SPLITTER GLASSsystem, the water cell shown in Fig. 2 is used to com- ALIGNMENT

components would have obstructed the reversed ref- ~~~~~~~~~~~~~

PLATE D REFERENCE

was holding the plankton during recording.
pensate for the water and walls of the aquarium which BEAM

It was not possible to use the recording movie camera
transport for reconstruction because certain mechanica l -

erence beam. Thus , it was necessary to construct a C cORNER
custom reconstruction film transport. The recording REFLECTOR

position between lens and hologram was mechanically
dup licated in the reconstruction assembly by a series Fig. :i . Referenc e beam alignment svs~em.
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(514.5 nm) from a ew argon laser. In order to achieve . . .

a shorter pulse (4 ~zsec) for higher speed motion pictures, ~, ~ ,
a xenon pulsed laser was also used (535.3 nm) . The
playback was still done with a cw argon laser (514.5 nm). ‘..,, I
It was experimentally found that to achieve best reso- ~~~~

lution under this condition, the playback reference 
. .

beam ang le must be offset  from the recording ang le by
an amount approximately given by the fractional
wavelength shif t  (0.04) . Onc e found , this shift can be
reestablished by markers for the appropriate separation 0’ ~~~~

of the points (E )  and (E’) of Fig. 3 during play back ,
alignment. The ability of’ the system to function under . 

.

conditions of wavelength shift is described more fully
in the accompanying paper (Briones et a L ) . 4 

~‘csc~~~Gt~~.r •
The pathlengths from laser to hologram should be the L OIS ~ssr~ 8 .

same for both subject and reference beams during re-
cording. The tolerance on this is determined by the
coherence length of the laser which may be only a few
centimeters for pulsed ion lasers. Pathlength matching
in our system is complicated because the holocamera is
on an X- Y traverse for tracking plankton while the laser — - .  ________________

is stationary. A direct way of verifying the pathlength
match has been found which is useful in complex holo- Fig .  4. Reconstruction film transport.
cameras. A small ball bearing of 1 mm or 2 mm in di-
ameter is placed at the location of the hologram. At a
distance of approximately 20 cm from the ball , a lens
(about 25-mm focal length) is held to visually examine platen produced fine scratches on the acetate base of the
the aerial Young ’s fringe pattern formed from the two film. In most holographic systems, film scratches are
point reflections in the ball. As one of the pathlengths not a serious problem, but in our case the relay lens
is adjusted , the fringes will come and go, the optimum nearly imaged the scratches, introducing a considerable
fringe contrast indicating the best pathlength match. amount of noise in the scene. By incorporating a re-

verse bend in the film path (Fig. 4) and using two dc
electric motors to tension the film in opposing direc-

III . Recording Film Transport tions, the holograms can be held sufficiently flat to
The film transport mechanism used for recording is produce hi gh resolution images with no part of the

an André Debrie , Appareil GV model G. It is a good system touching the recording surfaces. The Geneva
quality 35-mm movie film transport , capable of opera- assembly can be stepped in either direction by hand and - -

tion U~ to 200 frames/sec. It is essential that the film with a motor can be actuated at rates up to 24 frames!
be stationary dur ing the exposure interval. In partic- sec. This allows the operator to move through 30-rn
ular , film motion perpendicular to the plane of the film (100-ft ) rolls of film with reasonable speed when , for
must be sufficiently small so that the difference between example , seeking specifi c frames. A frame counter and
scene and reference paths does not change by more than the required logic to find predetermined frames may be
1/4 wavelength during exposure. For our reference beam added at a later date.
ang le of ~5° this motion must be less than 1.4 wave- The reconstructed image (Fig. 2), now at the orig inal
lengths or 0.7 pm. With the 40-psec pulse duration of location of the scene relative to the relay lens , is viewed
the argon laser , this requirement was not met above 50 with standard microscope optics at appropriate mag-
frames/sec; however , with the 4-i.isec xenon laser , the nifications for the specifi c subject. Scanning the 3-D
transport achieves this requirement. In the film plane , scene is accomplished by mounting the microscope on
motions must he less than the resolution. This last an X ,Y,Z movement stage.
requirement is easily satisfied because it is similar to the
requirement for photograph y where exposure times are V. Resolution Considerations
much longer. Figure 5 is a photomicrograph of a reconstructed

image of a planktonic copepod crustacean. The animal
IV. Reconstruction is approximately 5 mm in length and appears almost

A Geneva intermittent motion assembly with special transparent in seawater. A potential food organism for
oversize sprocket teeth which reduces lateral film this species can be seen at higher magnification in Fig.
movement has been selected to perform the task of film 6. The food , Dity lum brightwellii , is a marine diatom
frame indexing in the reconstruction system. The (sing le-celled plant) having a cylindrical or prism-
earlier use of a glass platen and polished metal pressure shaped siliceous frustule 30 pm in diam , 80 pm long,
plate to hold the film flat proved to be unsuccessfu l with a 2—3-pm diam spine on each end. Both organisms
because dust particles and irregularities on the film and were recorded at a rate of 50 frames/sec.
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• ‘ .
. 

- 
‘.- • ‘ , . • - .‘ The reconstructed holograms shown in Figs. 5 and 6

- 
- ‘~~ ,~~~~. 

. 
. were recorded with the illumination arrangement of Fig.

. 

. 
. . .

.. .

.. 
1. It is possible to achieve dark field illumination with

.~~~ , •
. .. . ~~~

‘ the same configuration by simply adding a small di-
- :‘ • • . ~ ameter stop at the focus of the collimated subject beam

~~‘ ~~ . . -
~~ during recording. This focus is approximately half-way

- 
‘ 

- . 
- , between the lens and the film. A 2-mm stop will in-

- - . - 
. 

. .
.
. 

. - tercept the direct subject light but allows the scattered
.~ ‘~? “ 1 , .,- light to pass on to the emulsion , producing a dark field

- , 
_ ~~~~

‘ view upon reconstruction.
- . ,.  . i Numerical measurements of the resolution have not

‘
. 

- 

%
. 

- been made. However , the reconstructed images of
- 

.. . . - - •.. 
‘ holographically recorded plankton were compared side

- 1 • . 
• by side with direct visual observations of plankton

-
. ‘~~ . through the same microscope illuminated with colli-

. - 
. . mated laser lig ht. The resolution of the holograms

- . • appeared identical to the direct view, although they do
- : ~~~ 

- exhibit some excess noise which appears as mottled
,‘~ ~ ?~ .• interference effects and can sometimes mask informa-

~.. 
‘ “ • : tion. Careful attention to optical surface cleanliness,

• • . 
•‘ . -). - 

~ avoidance of reflections by proper antireflection coat-
, - ~~~~~ ~4’ ~

- ‘ - ‘ ings on the lenses, and avoidance of all unintended
scattered light are essential. When these sources of

• 

- 
. ‘

~~~~
-
~ ~~~

. , noise light are removed , the holographic images are al-
- . 

~~~~~~ 
. most identical to the direct view.

. 
-‘ - ‘ 

~~~~
- ‘ The present system provides microscopic resolution

- ~~

. 

• ~~ ~~~
. 

~~~ 
~~~~~; 

~~~~ • throughout a volume of many cubic centimeters at a —

- ..~~~. 
- ~~,, ~ ~~~~~~~~~~ ; .~,.‘T working distance of lO cm. A more quantitative reso-

lution comparison of laser light holographic microscopy
• 

~~~~~~~~ . to white light microscopy is given in the accompanying
• 

. . - - 
. ~ 

.
‘ 

• ‘ -~~ ~ 
¶ companion paper.4

~ 
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HOLOGRAPHY OF SOLID PROPELLANT COMBUSTiON’

R. A. Bri onas and R. F. Wu .rker
T RW Defense and Space Systems Group

Redondo Beach . Californ ia 90278

Abst rac t

A two—beam holographi c scheme consisting of a 1:1 relay lens and an integral hologram has been used wi th a
Q—sw itched ruby laser to record hi gh resolution 3—D images and interferograms of the combusti on of small
(1, 5 x 3 x 6 mil l imeter; .06 x .12 x .25 inch) rocket propellant samples in a hi gh pressure chamber. The
holograms were helium-neon laser reconstructed. Images good to 2 micron resolutions were achieved with colli-
mated illumination. Di ffuse illumination holograms gave ‘~ 4 micron resolutions when viewed on a movin g trans-
lucent screen . The reconstructed real images yielded particle size distributions . Double exposure holograms
yielded either conventional holographic interferograms (first exposure prior to combustion), differential in—
terferograms (both exposures during combustion), or seq uent i al i ma ge holo g rams of the pa rt i cles . The la tter
were improved by constructing a holoca inera with two separate reference beams . One reference beam was used for
one exposure . The other is used only for the second exposure . Such a hologram reconstructs separate 3—0
images . From such a hologram , particle motions can be followed and velocities computed without confusion.
Meta l l ized propellant holograms showed t ime—averaged fringe ef fects  when recorded with conventional 50 nano-
second duration laser pulses . The dark fringes in the reconstructions were due to rapid gas ex pansion. Re-
ducing the laser pulse duration to 10 nanoseconds (by pulse chopping techniques) gave relativel y t ransparen t
reconstructions. Ref lec ted l i ght holograms (non—lens—assisted) of both the burning surface and the particle
c l ou ds were a lso  reco rde d .

I. Introduction

One of the features of laser holography is its abi lity to record 3-0 images of microscopi c phenomena. A
sing le hologram freezes time and records all particles that are in the illumina tion volume . The holograp hic
image is later reconstructed and examined with a conventional microscope of narrow (several microns) depth of
fiel d.

Beca use holograp hy is based on the coherent properties of laser light , it can record images in the pre-
sence of highly Incoherent light (such as solid propellant combustion).

Holograp hy can also record superimposed sequential images. Such recordings show the particle field-volume
at two di fferent times . For microsecond intervals , s m a l l  par ti c le  d i sp lacemen ts g ive particle velocities .
For longe r intervals , particle relationships are lost; however , one gains interferometric fringe growth in-
formation. Double exposure interferom çtçy is a property of holography which visualizes gas density effects
on either a short- or long-term basis .t i)

Holographic techn ique~ have already been succç~~full y applied to a wide variety of p~rticle phenomena , for
example :  fqg part ic le~,t” )  cloud ice par t ic les ,’-~

1 parti c les in high speed air f low ~
(4)  l iquid propellant

combust ion ,t b )  fl y a s h ,t b)  petrochemical events , plankton ,”7 .8) etc .  The extension of hologr aphic techniques
to the recording of high resolut ion double images of the combustion of so l id  rocket propel lants is the sub—
ject of this paper . This paper also includes the descr ipt ions of holocameras constructed for hi gh resolution
work , one of which has two independent reference beams , permitting the independent reconstruction of double
images .

I I .  The High Resolution Holographic ~,pparatLs

Success fu l app lication of holography to recording the combustion of so l id  rocket prop~l1ants requ ired
development of a “ ho loca mera ” that gave higher resolutions than earlier schemes . (2 .3.4,~ ) The apparatus is
shown in Fig. 1. This typç of “lens—assisted off—axis reference—beam holocamera ” ap para tus was f i rs t used
to record l iv ing plankton .1.7 ,B) It di f fers from more conventional two —beam arrangements by the incorporat ion
of a pair o f re la y lenses , between the hologram and the subject being recorded. The lenses are mounted
rig idl y to the p l a te holder , and the two are considered to be_a singl e optical element of the holocamera.

Otherwise , t h e  a r r a n g e m e n t  i s  “conventiona l ;“ col l imated l ight from the illuminating laser is incident
upon a beam sp l itter which divides it Into scene and reference beam components . The refer ence beam is re-
f lected of f  a mirror and is incident upon the photosensi t ive hologram plate . ** The photosen sit ive pl a t e
records the interference between the two coherent beams of li ght , namely, the l i ght transmitted through the - -
scene and the collim ated reference beam. The beam which passes through the beam spl i tter Is the “holographic
scene beam . In t he present apparatus , this beam is turned by a pair of mirrors and then passes throug h a
pair of invert ing lenses. After the inv erting lenses , the scene beam passes through the scene or subject.
* This research sponsored by USAF/RPL under Contract F046l l -76—C-O053.

Usually Agfa 8E75 an t i ha la ted  p la te .
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Fig. 1 . Schemat ic of the bas ic  two—beam lens-assisted holographic
arrangement used to record solid propellant combustion.

In pass ing through the subject  volume , the li ght modi f ied by the scene is  directed onto the hologram by a
set of r e l a y lenses .

The Fi g. I holographic arrangement is essentiall y spatiall y and tempo rally matched. The mirrors are lo-
cated so tha t the two op ti cal paths are identical . Such additional care permits recording holograms with
rub y l a s e rs of low tem pora l  coherence . Beca use of the inversion of the beam by the relay lenses , a pre—
inversion is provided by the inverting l e n s  se t , all of which insures that the scene beam later combines
with the reference beam in the correct ri ght — lef t , upside-down sense at the hologram (i.e., the two beams
are spa ti a l l y matched). These arran gements compensate for poor spatial coherence of ruby lasers .

The coll imated mode of il lumination of the scene can be changed by the insertion of a piece of ground
glass into the illuminating beam. As shown in Fig . 1 , t he  g round  glass is placed behind the subject. The
ground g l a ss  s c a t t e rs the l a s e r  l i gh t ove r w i de ang les , giv ing images that are more three—dimensional in that
th ey ex hi bi t p a r a l l a x  e f f e c ts. La ter it w i l l  be see n th at  g round  glass or di ffuse illumination eliminates or
averages  ou t sha rp re frac t i ve  e f f ec ts .  D i f f u s e  l i ght images of propellant comhusti on suffer , however , from
l a s e r s pe c k l e  e f f ec t s , w hi c h degrade t h e resol u t i o n  by a factoç çf two over the collimated case , t~hen the
hologram is rec9n~ tructe ci with a laser of the same wavelength .t 9) For ruby hel i um-neon holograms , resolution
i s  -~~ 6 micro nS .t 6 ) *

The photosensitive glass plate reco rds the optica ~ interference between the coherent reference and scene
beams . Af ter exposure , t he p la te was removed and developed : typicall y 30-45 seconds in a 1:4 solution of
Koda k HRP de v e lo per , water rinse , three minutes in a 1 :3 solution of Kodak Rapid Fix , second water rinse
(1/2 hour), and air dri ed.

N e x t , the integral relay lens-hologram p la te structure was set up as shown in Fig. 2. A collimated beam
from a 60-milliwatt helium-neon laser was direc ted hack through the hologram along the ori ginal reference
beam path direction . ** In this method of recons truction , the hologram generates a backward version of the
ori g i n a l  wave f ron t .  Phase errors (due to the relay le nses and any windows or other optics in the ori ginal
scene pa th) are subtracted away as the reconstructed wave front passes back through the optical train. Theo-
ret i c a l l y, a non-aberrated wave front emerges from the lenses , identical to the ori ginal scene wave front ,
bu t travelling in the opposite direction .

A three-dime nsional pseudoscop ic aerial image (1:1 ma gni fication) was formed by the recreated wave front.
This image could be .viewed , as shown in Fi g. 2 , w ith a conventional optical microscope . Particle size was
measured by equi pping t h e  microscope with a travelling cross hair . Part icle locations were recorded by
mounting the microscope on an x-y— z positioner and measurinr its relative positions with dial indicators ,
or other posi tion sensors (see Fi g. 11) .

* Viewing the im a g e through a rotating or movin g translucent screen suppresses speckle noise , wi th the
resul t that resolution improves (~ 4 micron ). The techni que is shown later in Fig. 11.

** For holograms recorded with a rub y l a s e r , the reconstr ucting beam passes back through the hologram at
a proportio nall y red uced a n g 1e~ ~o properl y compens ate for the 10% difference between the ruby laser and
helium — neo n laser wavelengths. —
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Fi g. 2 .  Method of  reconstruct ing l e n s — a s s i s t e d  holograms .

Examp les of both the three-din lensiona lity and resolution capabilities of the new lens-assisted holograp h i c
technique are shown in Fi gs. 3 and 4. The two photomicr ographs are reconstructions taken from the same holo-
gram. The subject (holographed by the F i g. I appa ratus) was a glass 1951 resol ut i on cba rt* dusted on one
side with micron—sized iron carbony l pa rti c le s . For th i s s tat i c sub ject , a helium—neon laser was used to
both record and reconstruct the hologram (thereb y avo iding wavelength effects). The examp les thus represent
the ultimate product of the tecb ’i que , at the chosen numeri cal aperture (-

~ 0.2).

II%I ~~~~~~

-

~~~~~~

—

Fig. 3. Photograph of t e reconst ruct ion Fig. 4 . Photomicrog raph ta l eri from the same
of a hologram of a ‘1 95 1 ’ reso- ho logram as shown in Fig . 3 . In this
lu t ion char t  recorded and recon- case ,  the m icroscope was focused on
structed with a helium—neon laser iron carbony l dust particles or iginall y
us ing the Figs . 1 and 2 techniques, on the nea r surface of the one millimeter

t h i ck  g lass  cha rt .

Figures 3 and 4 were taken throug h a conventional microscope set up as shown in Fig. 2. The two pictures
correspond to different focal planes . In Fig. 3, the microscope was focused on the reconstructed image of
the resolut ion chart .* No particles are seen bec ause they are out of focus . The sma llest bars have a width

* ‘1951 ” resol ution charts consist of vertical an horizontal three—bar arrays whose spatial frequency (SF)
varies acco rding to the equat ion . I ~ + 

row # - 1 I,
SF 2 ~co u mn 6 I , line pairs oer millimeter.

The smallest d ivisions correspond to the 7th column and 6th row , a spat ial frequency of 228 line pairs per
millimeter (.04 in .) or bar width of 2.2 microns,
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HOLOGRAPHY OF SOLID PROPELLANT COMBUSTION

of 2.2 microns. In Fig. 4, the microscope was focused on the images of the particles ori ginall y on the nea r
s ide of the ( o n e — m i l l i m e t e r  t h i c k )  g l a s s  suppo rt ed c har t . In this picture the chart images are out of focus .
Par ticles smaller than the smallest bars in Fi g. 3 ca n be see n , showing the ability of the technique to in-
d ividually resolve (under ideal same wavelengt h conditions ) micron-sized opaque par tic les . It is claimed by
the authors that such resolutions are the highest achieved to date holographicall y~

.9)

When a ruby l a s e r  i~ 
used to record the holograms , the resolution is degraded only slightly if collimated

illumination is used .~
9) For diffuse illumi nation , resolution degrades to 6 microns , due to enhanced speckle

• from the wavelength di fference. Highest resolutions necessitate no change in wavelen gth , particularl y for
d i ffuse holograms .*

In review , the rel ay lenses in the Fi g. 1 a r ra n geme n t s u p p l y a h i gh numer ical aperture , while the ho log iam
records onl y the three-dim ensional information . Witho ut the relay lenses , the hologram must do both . Stan-
dard ho l o g ra~ i ic g l a s s  p l a t e s  a re  no~ perfect enoug h , and as a result alone , g ive (at the same object dis-
t a n c e s )  resol u t i o ns of ~ 1 0 m icrons .~

9
~

III. Combust ion Appa ratus

To s tudy the burning of solid rocket ruels at high pressures , a steel wind ow ed combustion bomb was placed
between the inverting and relay le nses of the (Fig. 1) lens —assisted holographic arrangement. The setup is
diagrammed in Fig. 5 . The combust ion  bomb had an i n te rna l  d iameter  of 50 millimeters (2 inches), and had

F o ppos ing 19—mi l l imeter  ( . 76 i n . )  t h i ck  fused qua rt z w i n d o w s .  Fuel samp les (1.5 x 3 x 6 mil lin eter; .06 x .12
x .25 in .) were mounted on a pedestal in the center of the chamber. They were burned at pressures of 34 or
68 atmospheres of nitrogen gas. Not shown in Fig. 5 is the camera shutter ( - 5 ni ll isecond duration), a
nar row band dielectric interference filter ( - 10 Angstrom bandwidth), a n d red gelatin filters (Wratten p70),
all of which were mounted in front of the rear viewing window . Thnse elements reduced the fl ame light falling
on the photosensiti ve plate to levels less than the transmitted laser li g~ t.

~~~~~~~~~~~~~ 
- ,

Fi g. 5. Apparatus schemat ic showing p l a c e m e n t  of the  com b ust i on
bomb , holograp hic components , and illuminating ruby laser.

The propellant was i gnited by a hot wire. Init iation of slectrica l current to the wire opened the mechani-
cal shu t t e r , which in turn fired the laser (~ 0.1 second into the burn).

The combustion bomb and holographic components were mounted upon a granite table in an enclosed room with
safety interlocked doors . The laser , associated power supplies , controls , and pressur izing bottles were in
an adjacent room. The laser beam passed through a hole between the two rooms . This arrangement afforded
maximum operator safety .

I V .  The Rub ,y Laser Illuminator

The ruby laser illuminator was built by the aut hors . It consisted of an oscillator with a 13—m illi m eter
di ameter by 95—millimet er long 6 00  ruby rod (.52 x 3.80 i nc hes) i n a one—meter long (39 4 in . )  laser cav i ty

* The theoreti cal resolution ( R) of any optical apparatus is :  R = )Lf2n sin~- , where  ~- is one—half the angle
subtended at the obj ect by the aperture , and n is t he index of refraction. In microscopy n sine is called
the numerical aperture ( N A ) .
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V fined by a 99% dielectric end reflector and a double quartz etalon (the output reflector). The laser s
osc illator cavity conta ined , in addition , two nitrobenzene Kerr cells, a calc ite polarizer , and two 5-mi lli-
meter (.2 in .) diameter apertures. A seco nd ruby rod amplified the beam s energy . With this arrangement ,
the laser could emit either one or two 50—80 nanosecond duration Q-switched (0.6943 micron) li ght pulses . The
double Kerr cell arrangement could space the two pulses as closely as one microsecond . Total laser energy
was 1/2 joule . After amp lification , the laser beam was expand ed by a Gal ilean telescope to 4 cm (1.46 In .)
diameter. As shown in Fig. 5, the bea ni passed through a hole in the laborat ory wall to the holographic
appara tus.

The duration of a sing le Q—sw itched pul se could be further reduced with a pulse chopper. ” This unit was
placed between the laser oscillator and amplifier . I t consisted of a half-wave plate , a laser triggered spark
gap, Poc kel cel l, and calcite polarizing pris m . W ith th ese added components , onl y a 10-nanosecond portion of
the oscillator (nominal 50 nanosecond) pulse passed throug h the pulse chopper to the amplifier. The pulse
chopper red uced the to tal laser  energy 1/10 joule , which was still enoug h to record holograms , but ba rely

V enoug h to compete with the fogg ing of the plate (due to longer development time , the present mechanical
shutter , and the optical filters ) by m etal lized fuels.

V. Single Exposure Result s

A wide selection of propellant types was recorded under both collimated and diffus e modes of il lumi nation.
The chosen propellants are listed in Table I along with some of their basic properties

Ta b le 1 . T he Sol i d Pro pe l lan ts

Sol ids Burn Rate at
(AP) Contents 68 Atmospheres

NT— lO 87V 0.5% ZrC 13mm /sec
0.5% C

MS-23 87.5% 1 .0% Zr 14 mm/sec
0.5% Graphite

MX—7 0 87~’V 15. 75 % Al 43 mm/sec
3.0% Ferrocene
0.75~ FeF 3

ANB-3066 88% 1 8 %  Al 9 mm/sec

11B— 79 88: 20% Al 11 mmfsec

148-122 90% 21; Al 4 mm/sec

148—123 90% 21% Al 12 mm/sec
1 5 %  HMX

We began recording combustion under collimated il l um ination since earlier studies had shown that this
type o f i ll umination gave the hi ghest reso lutio n s. (9) A n examp le is presented in Fig. 6. It is a photo-

m icrograph of the reconstructed image taken
through a microscope with a lOX — 0.3 NAV .
object i ve , as diagrammed in Fi g. 2. The
mottled or cellular appearance of the field
was due to the refraction of the collimated

Fig. 6. Pho tomicrograp h V
~~~~~ •~~~~vr~ the reconstructed image could be viewed to

laser  li ght by thermal cells set up by the
burning propellant. In sp ite of this faul t ,

of the recon-
struction of a 

~~~~~~~~~~~~~~~~~~~~~~~~~ ‘~ 2 micron l imi ts.

~~~~~~~~~~~~~~~~~~~~~~~~~~~ All collimated li ght propellant recordings
collimated light
hologram of the
combus tion of V - were found to show (to greater or lesser mx-

at 34 atmos- .~ pressures and the more metall i zed fuels , the
pheres . V 

- V refraction by the thermal cells all but mask— V

MS—23 propellant 
. tent) severe refraction effects . For hi gher

ed the particulate. Examp les for some of the
diffe rent fuels are presented In FI g. 7, The
upper left picture in this group is a less
magn ified view of FI g. 6. The lower pair of

V pictures were 10 nanosecond exposures made
with the pulse chopper.

_ _ _ _ _ _ _ _ _ _ _ _  
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HOLOGRAPHY OF SOLID PROPELLANT COMBUSTION

of 2.2 microns . In Fi g. 4, the microscope was focused on the Images of the particle s originall y on the near
side of the (one—millimeter thick) glass supported chart . In this picture the chart images are Out of focus .
Particles smaller than the smallest bars in Fi g. 3 can be seen , showing the ability of the techni que to in-
dividuall y resolve (under ideal same wavelength conditions) micron -sized opaque par~iç les. It Is claim ed by
the authors that such resolutions are the hi ghest achieved to date holographica ll y !’9)

When a ruby laser is used to record the hologra ms , the resolution is degraded only slig htly if collimated
illumination is used .(9) For diffuse illumination , resolution degrades to 6 microns , due to enhanced speckl e
from the wavelength difference. Hi ghest resolutions necessitate no change in wavelength , particularly for
diffuse holograms .*

In review , the rel ay lenses in the Fi g. 1 arrangement supp l y a hi gh numerical aperture , while the holop am
records onl y the three-dimensional info rmation. Without the relay lenses , the hologram must do both. Stan-
dard holographic glass plates are no~ perfect enoug h , and as a result alone , give (at the same object dis-
tances) resolutions of ~ 10 microns. ”9)

III . Combustion Apparatus

To study the burning of solid rocket ruels at hi gh pressures , a steel win c1owed combustion bomb was placed
between the inverting and relay lenses of the (Fig. 1) lens—assisted holographic arrangement. The setup is
diagrammed in Fi g. 5. The combustion bomb had an internal diameter of 50 millimeters (2 inches), and had
opposing 19— millimeter (.76 in.) thick fused quartz windows. Fuel samp les (1.5 x 3 x 6 millimeter ; .06 x .12
x .25 in .) were mounted on a pedesta l in the center of the chamber. They were burned at pressures of 34 or
68 atmospheres of nitrogen gas. Not shown in Fi g. 5 is the camera shutter (‘~ 5 millisecond duration), a
narrow band dielectric interference filter (~. 10 Angstrom bandwidth), and red gelatin fi l ters (Wratten #70),
all of whic h were mounted in front of the rear viewing window . Thnse elements reduced the fl ame light falling
on the photosensiti ve plate to levels less than the transmitted laser li ght.

Fi g. 5. Apparatus schematic showing placement of the combustion
bomb , holographic components , and illuminating ruby laser.

The propellant was i gnited by a hot wire.  Initiation of ~lectri cal current to the wire opened the mechani-
cal shutter, which in turn fired the laser (‘~ 0.1 second into the burn).

The combustion bomb and holographic components were mounted upon a granite table in an enclosed room with
safety Interlocked doors . The laser , associated power suppl i e s , controls , and pressurizing bottles were in
an adjacent room . The laser beam passed through a hole between the two rooms . This arrangement afforded
maximum operator safety .

IV. The Ruby Laser Illumin ator

The ruby laser illuminator was bu Rt by the authors . It consisted of an oscillator with a 1 3—millimeter
diameter by 95—millimeter long 60° ruby rod (.52 x 3.80 Inches) in a one—meter long (39.4 in.) laser cavity

* The theoretical resolution (R) of any optical apparatus is: R = A/2n sine , where e is one— half the angle
subtended at the object by the aperture , and n is the ind~~ of refraction , in microscopy n sine is called
the numerical aperture (NA).
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Fi g. . . ~.
‘ “‘ ‘ o l l i i a ’. li ~~ holo~ i a s .  Ea ch.

• ‘ os ” h r ~~ .~ O~ pre ssi ’e . e upper pair
n p u lse of 50 nanosecond durat i on.

. . j  ~ cc~ 1 , i ’n 10 nano econd pulses.

7iff u se Ii holo an , i ‘~~ u’ ~~~~~ s cell ~~! T ~i it • as due to the fact that the
l i i i  1 r~a Si r 1 • .

~~ 
C, i 0. .1 r an es . ground glass d i ffuser. As

a res ult , ‘he er il cell ... ~ . r c l a ’~S .. C n ‘ii ill . 0.~ nc~eJ , these holog rams d i d not
ale e resol .~~IC C O f  ‘ ‘ :o ’ 1 • ;s ’ 5Q1~ ~i~ j il s . P e s o ’ as de~;raded to 6 microns b y enhan ced

spec .le ef fe ct~ due ~u . ‘~~
.. n - ‘ i ‘ s ~ere i ” a .onflnuou s . av e helium-neon laser. ‘

~~~~

In spite of ‘i~ v ~ r’ . 1 1~ 1 ’ ‘ ‘ o n ,. tl e ‘~~n ’ b olo g na -ici C e ’ ‘nr for recording and studying particu-
late. A compl e’ en jr , ~e’ o , 1c ’ .nr o f  ‘‘ h g o ’ ira 15 presented in Fig. 8. To record these
no t o gr ar -I s , a p i e~r of g rc i n . t i .. I~ ~~~~~~~ 

k n far •- 1rnr1o, ~ 0’ e Cos H u s t ic ri bomb .

One d i ff u se li gh t h olo g r a ..~~ c’ ~~~ ‘ ~a’- - I  anat~~ is . ph ri ra p h is nie ’ented in Fig. 9. An
arbitrary vola c-- .20 .. r ft • ,‘ r n r i l i r  e n  hi g H , anI 1 .0,7 n i h  e e r  deep (.008 x .009 x .508
in .), 0.66 mi l l i r  e e r  ( .  i’ . ~rre o ~~‘ n i ~~t io u~ ‘ ‘  ri I f l g  l e g i o n — —w as chosen (starting at the
rid _ plane of the pr ope ll~ ’ ~ar 

‘ 1 ..1 es c i  Lca ’ed (ass i gni d ~~, . . and z coord inates) and measured.
tot a l of 568 particles ~e r c  • . o~ Wa ~nj i i  , as tesc i n  earlier in Section II , and took eight
working days! One ,e~ r sen a f io r u ‘‘e I a a  is • . ented in Fi g. 1 0 . It is a p a rticle size distribution .
The cross— hatched area s ’ o,a . ça r ic l e s are c’ ‘pi t iri •a i ’r laser srec ( le effec ts. Beyond the cross—
ha tched region , ‘ c da ’ are so 1 ‘el y m l  ia~ l~~.

Pa rt ic le  s i z in g in ‘ c n i — l i , ,  a’ g i c a f l y f aci l i ’ (C J  by e use of a ovin g viewing screen.
The moving screen reduc ci ‘‘ • perce iv c’i s, ~ ~n H~ about 30 ~n I cc ed to extend the resolution of diffuse
l ight holograms down ‘n 4 ic ro r . Th e Ia ’s ‘1 “ed in Fin. 10 . e~~ ty ler w i th the apparatus shown

* A doubled ‘(AG laser w ould bc a ct’ ‘ r~~r . ib is i’ j  ‘cv c i t s  0.53 ‘nicron Q-switch pulses , and
has a cont inuous wavn ~ ‘ ion . Ho l og ‘‘ ‘t e d  n ’ .~ a la s e r  could he reconstructed without any
change in w avelength . ~e.ol~~ 1u n u~ r di ~ e l ig h t hologra is should 5e 3 r ic rons .  Such lasers are
more expensive than r t j la irs ‘ j  a ’ I - c t o r  of ‘a

** As noted , a r o ta t i n g  tr 1 I • scrc’er ’ app e ed spec ’ 1 e r r n u r e  ‘~~ 1 ’ ~ s no r e reso l ution to 4 ..
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Fig. B . Same fuels and conditions as shown in Fi g. 7
except under diffused illumination.

l
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_ _ _ _ _ _ _ _Lit 1L ’E’~~ci: M IT E R S .

Fig. 9. Photograph of t h e  ns o,r’, trrl c-
tion of MX—7 0 fuel at 34 at-
mospheres. All particles in Fig. 1 0. Pant , le size distribution (568 particles)
the 3— 0 volume m ar ked H1 the taker f,o arbitrary 0.20 x 0.25 x 12. 7 mm
box were coun f l ’ ! c i u t  fmui’r Ih e (.008 a .01 x .508 in.) volume of image
centerline of HI nc p ”i I I I  t , reconstructed from the Fig. 9 hologram.
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HOLOGRAPHY OF SOL ID PROPELLANT COMBUST/ON

in Fi g. 11 . The pseudoscop ic  3— 0 l i lag e w a ’  fO , i ie ’ l  ic-yon ’l the m e l /lan e wi n d ow posi t i on . The samp le vol ume was
defined by cross hairs s t rung  on a lasher .  The p r ’ ii . le in ag es  w i - re rel,i 1e0 J a r ’ I i c moscope ob jec t i ve  onto a
translucent my lar screen a t t a c h e d  to a rotating anrn l . The ii’~aj e w u ,  t I er v i e w e d  w i t h  a second  mic roscope
that had a t r ave l l i ng  cro ’~s — h a i r  eyep iece . Rot a t io n ,  of the m y la r screen eluc5d ti e specfr le and general eye
fat igue . Dial i n d i c a t o r s  ‘n” ,i’ - ure’l t i e relative part i cle p o s i ’ i r ns .

Fig. 11 . Photograph of the rotating screen reconstruction
ap paratus used to make the Fig. 10 particle count.

V I . Co nventional Double Expcsure Interferograin s

These are recorded i~ ~he Fi g. 5 appa ra tus by f i r in g the laser  once pri o r to combust i on , and then a second
time during combustio n. U On reconstruction , the two images are recreated simultaneousl y. Since the bob —
gra~ hjc  process recreates the phase of the two scene bear’s , the two beams interfere with one another optical .
ly. I.l)  Phase d i f f e rences  of - u l t i p les of o n e — h a l f  wave le ng th  of l ig Ht cause loca l  cancel la t ion  of the images.
This cance l l a t i on  is oeen as interference fringes. A typ ical  resu l t  fror’ these s tud ies  is presented in Fi g.
12. It is a photograph of t i e  r econs t ruc t i on  of a doub le—exposed  holo n” a m of the combust ion of M S —23 fuel
under the cond i t ion  showr in Fi g . 7 . The f r inges hi ghl ight  the t h ern al c e l l s .  The f r inges are actua l l y a
measure of the optical pat s charge thncagn the i l l um ina ted  volume ; ~

1 ei g i ve ( in  p r i nc ip le )  information about
the gas density variations . 050’ anal y s is is yet to be p erforre d .

?2~, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

FI g. 12 . Pho tograph of  the recon- F ig .  13 .  Photograph o~ the recons tructi on of a conventi onal
s t ruc t ion  of a convent iona l  double e ap o s u n e  ho lograph ic  interferogram of NB —l 22
doub le-exposed , c o l l i v ,a t ed  a t  th e o n - n t  of co m bust ion .  E f fec ts  due to the
li ght ho logram of  ‘-“ - 01  heat ing  of tb r’ background gas by the ignitor w ire
prope l lant  and~ r the Fi g . 7 and p rope l l an t  combust ion were spa t i a l l y  separated
cond i t ions  ( 50 nan osecond in th is record i ng (10 nanoseconds laser  pu lse ) .
laser pulse).
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One of  the surpr ises o f  t ’i~ st,)1 - - i ‘‘ I t en t ‘r ‘ ,li ffuse ii j lm t double e x p o - u r e  holograms showed no
such fringe effects . This ‘mL ;er.a ’ron i5 ‘ c c ’ ct jr,c lc ms tood.

Another example is presented in F r j . Ii . Ii ti /i s picture , onl y the left edge of t Im e propellant had
started burning at the time of the ,t-COnJ e~ t o ure. The burning reg ion is shown by the very fine c lose l y-
spaced fringes. The other f r i i m g n .  au d ~

- ‘o ‘ I me  ‘ e t i ng of t1m e pressuri zed interi or try the ignitor wire .
Fringes around sing le particles car him u - i n I ‘ 1re far left.

A set of conventional inte rfcm ojra s w / IC (om’I k m iI i-nt Fi gs.  7 and 8 are resented in Fi g. 14. The reader
should note that below the ser l i— , ,jjm of ‘ c  Cr a i g ignitor wire otie sees onl y sing le exposure pictures .

7-45.23 MB- 3066

~~ nanosec (SO nanosec)

- ‘IC Iz3
I ‘~~ ‘ e ‘1 a nOsPC)

Fig. 14. Set of colt , ‘e d con ventional doubl e exposure holographic
interfero na complementary to Figs . 7 and 8.

O t t . Laser  Pulse ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

The upper pai r  of examp les in Fi gs.  7, 8, and 14 was recorded with conventional 50 nanosecond pulses.
The l ower pair of pictures was recorded with pulses of reduced duration (10 nanose conds), v ia the laser—
tri ggered spark gap. The shorter pulses were needed to avoid time-averaged interference effects due to more
rapid gas expans ion with the more metallized fuels. The effect is illu strated in Fi g. 15 , which shows both
do uble a nd s ing le exposu re (collima ted and diffase) examples of NB—l 22 propellants recorded with conventional
50-80 na nosecond ruby laser pulses . Comparison of  these ‘iictures w ith those presented in Fi gs.  7, 8, and
14 (lower left) shows that the longer exposure pictur es cre characterized by reg ions of almost complete
crpac i ty. * This is not a dense pa rticle effect , but instead is due to the change in optical path by the
expand ing gases during the longer 50 nanosecond i ll u ’ in a t io n pulse. It is a holographic interference effect ,
in wh ich changes ~n optica l path greater than a quarter wavelength during the illumination period cause inter-
ference be tween the reconstructed images . These are seen in the reconstruction as reg ions of opacity or
degraded contrast. As seen in Figs . 7 , 8, 13 , and 14 , reduci ng the laser pulse duration results in ~icturesof decreased opacity as well as double exposure recordings of hi gher cont rast interference frlnges .*

Llnrmeta l l i zed  fuels can be recorded w i t h  conven t iona l  50 nanosecond laser pu lses .

* In addit ion , fr inges in the double exposure ci a - p ie (upper right picture in Fi g. l~~) are essent ial l y miss-
i ng.

** Short er i l luminat ion pulses wou ld  be even be t te r .  An ideal Illu mi nator would he a mode — locked pulse-
chopp ed ruby laser .  Such a system -.‘iou ld produce s ing le 2 nanosecond durat ion pu lses .
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Fig. 15 . Phot ograpn; i f  t he - i-rois t r uc tio n of holo grams of combustion
of tlB - 12 2 propel la r tr recorded with 50—80 nanosecond ruby
laser p ul or’. - Ti c p i t ~~~ or, s how time averaged interference
effects due to the optical path changes by metall i zed fuels
during the ill S r i r at i n ’  ir riod.

V i i i . ~~pJ,j~Do-b )e~~xposure inte rferograms

Double exposure holographic  in ter feror ie t r j  o f f e r - another var ia t i on , name ly,  the recording of the fi rs t
exposure during the burning of the propellan t . TI e s e c on d exposure  is recorded a short time afterwards .* One
then has , on recons truction , a differential interfero gram . Suc h interferogra ms were attempted. In genera l ,
they showed no fringes around the individual par t i cles, indicating that the particles were in thermal equi li—
bri ur- with the combustion environment. A set fo r  Hid~ iD p ropellant for increasing spacing between the two
pulses (3, 6, 12 , and 18 .,seconds) is presert~ -t in Fi g . 16 . The pictures show both parti culate and inter-
ference fringes whi rh increase in co np l ex it y as ~he in terval between the two laser pulses increases . The
pa rticulate facome less evident as the interval :-et ,-ieen the two laser pulses increases . Furthern’ore , the
fringes become more subtle . At 100 secon d rep, ’ ati or i , the fringes are too fine to see.

IX. R a p id  OlISilt LIjiosure Particle Holograms

The two upper pictures in Fi g. 16 100 w particulate . Furthermore , it is not certain whether some of the
pairs are not , in fact , doubl e images of the sam-c a rticle? If this were the case , one could compute veloci-
ties by dividing the measured di sp l ace --i - nt b y ‘re known laser pulse separation. Under such an assumption ,
some rather fantastic velocities can be estimated . Considerable uncertaint y exists as to which two images
are to be connected , or whether a given particle ii age has , in fac t , moved between the two exposures. To
eliminate such confusion , a new holocamera was constructed and tested.

* As noted ear l ier in Sect ion IV , our rub y l as e r  i l l u m i n a t o r  had two i n t e r cav i t y Kerr ce l l s .  These were
— used to double pulse the laser . Separation between the two pulses could be continuousl y varied between

one to 400 m icroseconds . Each laser pulse was 50 nanoseconds . Shortening both the pulses to 10 nano—

L 

seconds was impossible due to the millisecond recovery time of the laser-tri ggered spark gap.
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Fi g. 16 . ?ap i d double exposure inte n fen o gr a - - m of ‘-‘~-70
propellant (3.1 atm ospheres) for inc r e ao ing
separa t ion  T :-o twec-n the two pulses.

X . gourle _ Pnferen ce Bea mn . Holocam era

Tee ~re-~H~~im~ section at lea st demonstrated th at double exposure ho log rap 1 1 offers a uni que way o f deter-
nn i r ’ f ’ - g  t5e velocit y of s - all particula e. P. r seen in Fi g. 16 , s ingle reference ‘ea double—exposed pictures
‘ai e l i’ ’le rwrtainty about the particle motions , particularl y when the field is fairl y dense .  Ins tead , one
.,o~ ld H u e  im ages that could be separatel y reconstructed . This need or require m ent was realized by the con—
S t r ~ 0 ’ i0fl o f  a bo loca mera w i t h  two re ference hear -s . In  actu a l i ty, the Fig. I or 5 appa ratus was provided
, i t ’r a second reference beam . The new ar ran g e rser t  is shown in Fi g . 17.  - t f t e r  the beam sp l i t t e r , an op t ic a l
sw ft c - (Pocke l cell and beam sp l i t t i n g  po la r i ze r )  those one o f two reference beam paths. The Pockel cel l was
e le c t r - i c a l l y switched to its half—wave vol tage between the two laser pulses P c  a result , the second lig ht
o-s~ se ~a: di -i erted along the Second reference beam path . A quartz half- - av e  plate in this path repolarized
t t e  second l ase r  pulse so that it was pa ra l le l  and coherent w i t h  the scene l a s e r  pu l se .  With th is ar range—
rent , cacti puls e of the laser  is recorded as a hologram of a spatiall y different reference beam. Both hobo-
g raphic irage s are recorded on the samim e film plate (i.e ., on top  o f each other). Howe ier , unl ike  the s ing le
referenc e hear holograms , the two images can be independent ly r e c o n s t r u c t e d .

Reconstruction is as before (as per Fig. 2), except that two counter-propagat ing reference beams are now
directed throu gh the plate. One beam reconstructs one of the images . Ti e ot he r beam from the second ang le
rec onst ruc ts  the second. ow the two ir agno can be pl ayed back in seq-sen n- . In dividual particle images can
be seen to junp. Their disp lace ments can he measured , and t h eir  v e l o c i t i e s  unqu est ionabl y computed from the
known pulse sep aration .

~ pair ~f pictures taken from s u c h  a r e c o r d i n g  is  presented in Fi g. 12- . -‘na l ysis of the holographic image
s 1’owed that the pa r t i c l es  were , in general , “niving in a l l  d i r ec t i ons  wi’ 1- speeds on the average of 6 meters
per second .

The ir u i tiple reference Sea m - tec b ni qiu- could e easil y ex tended to at least two more frames . For l~ ser pulse
separations of 10 microseconds , such a bolocamera would have an ef fe rti - ,’e 100 , /On frame per second rate.
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Fi g.  17 . Schema tic of new lens—assisted double reference beam
ho locamera fur recording separatel y reconstructab le
rapid double exposure images on a sing le plate .
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Fi g. 18. Images independentl y reconstructed from a double reference beam
hologram recorded in the Fig. 17 apparatus with laser pulses
separated by 10 microseconds . MX-70 propellant at 34 atmospheres.

XI. Reflected Li ght Holograms

Reflected li ght holograms were also attempted under the present study. They were recorded with the holo-
graphic apparatus shown in Fi g. 19 . Here the scene beam directl y illuminated the side of the propellant and
the space above. Light scattered from both passed throug h a side wi ndow onto the hologram. Assisting lenses
were not emp loyed since resolution was not a major considerat ion. Photograp hs of some selected reconstructed
images are presented in Fig. 20. The reconstruction shows the propellant surface as well as the particu late
clouds . Individual particles can be seen by their own s ca t te r ing  of laser light. From a holographic point
of view , this type of recording is more demanding since to be recorded , the particles have to be stationary
to less than a wavelength during the laser pulse duration . At speeds of n. 6 meters (over 18 feet) per second
‘and the net viewing ang les), the holographic optical path condition is just met for 50 nanosecond pulses.
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Scattered li ght hologra;’~ ‘ca~~ r th u .r ti-a t cc , - of v i s u a l i . ’ i ng  c / ,  ‘ i c l I -  clouds .- ,-1 m e n m  the particulate is submicron
i i i  s i z e . Furt h er ni ore , t h e  r i - c n c r I m I m - J s c/ i c- I n ’ 5 1 / 3 / C t  to t mm m l’ —ai - u- a’71’ g j ~ c 1 / . , , c 5 i ~~ y effects.
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Fi g. l~~. Sc h e r -mat ic of ‘o l o - jn -ap ic arrange m en t used to test t5 e feasibility
of recording cattem -e- rf li ght h o lrmg ra m i. of burning propellants.

115-23
5p ~ t -.’osv e~~~c HP atn’OSP’/ereS

50 r a n  ne - . 
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~~~ ~~~~~~~~~~ 
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Fi g. 20. Pm - rtog r as ’. f t~ i- renon - r- /ct ion of some typical
c- f~ ectn ’l Ii 
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HOLOGRAPHY OF SOLID PROPELLANT COMBUSTION

!-
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Fig. 21 . Photogra o hs of the reconstruct ion of ref lec ted li ght holograms
on ANB-30 6t , emphasizing the burnin g surface .

Another mot iva t ion  for the re f l ec ted  li ght ho lograph y s tud ies  was the poss ib i l i t y  of recording the burning
surface . This was compl ica ted by obscurat ion of the surface by particle clouds . However , by cutting the pro-
pella nt surface on a bias .’the burning surface could be visualized. Photograp hs of some hologram reconstruc-
tions are presented in Fi-,1 21 . In general , no t too much detail could be seen. We believe that this was due
to the fact that the burning propellant surface itself is li qu id and relatively transparent to the ruby laser
lig ht. As a resul t , th e su rface appea rs e th e real .

Reflected or scattered l i g ht holograms offer another intere sting and informative way of visualizing combus-
tion phenomena.

XII. Summary and Conclusions

A lens—assisted transmission holographic apparatu s has been successfull y used with a ruby l a s e r  to record
three—dimensional information about the combustion of small propellant samp les  at  h i gh pressures (1~ 68 atmos-
pheres). The holograms were reconstructed wi th eye—safe hel i um-neon lasers . Collimated illumination of the
combustion environment gave reconstructions with 2 micr on resolutions. Th ermal  c e l l s  severel y ref rac ted  t he
l a s e r  l i ght . Di ffuse rear- l i gh ted reconstructions gave resolutions of & microns due to enhanced speckle
effects due to t he  w a v e l e n gth d i f f e r e n c e  be tween th e ruby and helium-neon lasers . Viewing the projected holo-
grap hic images with a moving screen improved re solution by 30 , or to 4 microns . Particle size distributions
were ob ta in ed ma n u a l l y from the hologram by measurement of the 3-fl position and size of the individual recon-
str ucted particle images.

Laser p ulse durations shorter than the conventional 50 nanosecond Q-swi tch pulses are required wit h metal —
l ized propellants to avoid time-averaged interference effects. A laser —t ri ggered spark gap pu lse cho pper was
used to reduce t he ru by laser pulse duration to 10 nanoseconds. Even shorter pulses are desired.

Particl e veloc ities were measured from double exposed holograms in a special hobocaniera wi th separate
reference  beams . Eac h pulse was routed along a sepa rate reference beam path. The two images can be recon-
structed separa tel y, avo i d i ng a ny co nf us i on abo ut t he par ti c l e  mo ti o n s .

Holograp hic interferograms could also be recorded . Conventional (fi rst expsoure prior to combustion)
double exposu re holographic interfero grams could he recorded onl y w ith collimated interferograms . Rapid - 

-
double exposu re interferograms could be recorded with diffuse illumination with pulses separated by less  than
100 microseconds . 0

Reflected l i ght holograms could also be recorded with 50 na nosecond pulses . These sh”~ ed part ic les by
‘ their scattering of the laser li ght as well as the burning surface when it was v iewed obl iquely.  Surface

deta il was poor due to the transparency of the surface to laser light?

In summa ry, It was found that laser holograph y can acquire microscopic quantitative data on the combustion
- I characteristics , particle s izes , particle velocities , thermal cells and gas dens ity variations of small

burning sob I d rocket propel lan ts at hi gh press ures - The techn gue should be appl i cable to a wide variety of
combus ti on phenomena .
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APPENDIX VI

COMP I LATION OF PARTICLE COUNT ON

HOLOGRAM OF MX— 70 FUEL

The are a whic h was counted is shown i n Append i x  V , Fi gure 9. A

“particle d istribution ” plot of the data is presented in Ap pendixV ,

Figure 10. It took ei gh t workIng days to amass the data manually using the

equipment shown in Appendix ‘I, Figure 11 .
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1st Zone 12.7 mm f rom Silhouette Surface

Par tic le Posit ion Posit ion Position Size
• I Z (in ches) V (inches) X (inches) (ta )

• 1 .001 .0010 .0230 9.5

2 .000 .0009 .0238 5.5

3 .000 .00)1+ .0238 6.0

1+ .006 .0013 .024 1 7.0

5 .006 .0023 .0257 5.5

-7 .o~6 .0021 .0215 9.0

8 .016 .0026 .0205 6.0

9 .015 .0027 .0221 7.0

10 .015 .0028 .0229 7.0
1_ I .015 .0030 .0271 6.0

12 .0)5 .0042 .021+1 7.0

. 
. 13 .011 .0041 .0205 7.5

14 .005 .0047 .0244 7.0

15 .008 .0050 .0227 5.5

16 .007 .0052 .0220 9.5

17 .007 .0051+ .0247 5,5

18 .008 .0056 .0240 7.0

19 .007 .0060 .0256 2.0

20 .017 .0069 .0263 9.5

21 .015 .0075 .0261+ 11.0

22 .003 .0075 .021+7 9.5

23 .002 .0078 .0231+ 8.0

24 .002 .0082 .0238 6.0

25 .012 .0084 .0240 5.5



-~~~~~~~__ _ _ _ _ _ _ _ _ _

2nd Zone

Particle Z V X Size

________ 
(I nches) (inches) (inches) (is )

26 .033 .0011 .0221 5.5

27 .035 .0011 .0244 7.5

.038 .0013 .0269 17.5
29 .037 .0017 .0251 8.0

30 .026 .0025 .0251 8.0

31 .025 .0023 .021+3 8.0

32 .023 .0028 .0221 11. 0

33 .028 .0047 .0221 9.5

34 .028 .0050 .0252 10.0

35 .027 .0050 .0223 5.5

36 .027 .0053 .0226 7.0

3rd Zone

Particle Z V X Size
# (inches) (inches) (inches) (is)

37 .052 .0010 .0228 8.0

38 .045 .0019 .0230 9.5

39 .053 .0022 .0262 9,5

• 40 .060 .0021 .0228 5.5

41 .050 .0020 .0223 5.5

42 .042 .0024 .0209 5.5

1+3 .041 .0026 .0219 5.0
L~4 .053 .0028 .0252 10.0

1+5 .058 .0027 .0272 7.0

1+6 .055 .0036 .0238 9.5

47 .055 .0043 .0233 7.5

48 .056 .001+3 .0206 8.0
1+9 .053 .0060 .0217 10.0

50 .05 1 .0064 .0225 9.0

51 .049 .0077 .0235 8.0

5~ .01+5 .0079 .0257 7.0

53 .043 .0083 .0264 7.0

- I 100

: 1 

~. ~~~~ ~~~~~



_ _ _  ____  

_ _ _ _-

- —_ — ~- - - - -

4th Zone

Particle Z V X Size
1 (Inch es) (Inches) (inches)

-: 51e .077 .0005 .0237 8.0

55 .077 .0004 .0244 7.5

56 .076 .0005 .0216 5.5

57 .076 .0008 .0205 7.0

58 .060 .0015 .0275 9.0

59 .058 .0013 .0225 7.0

60 .076 .0014 .0202 6.0

61 .066 .0020 .0203 4.0

62 .066 .0020 .0208 4.0 I.
63 .066 .0021 .0246 7.0

61+ .067 .0023 .021+3 9.0

-
- 65 .066 .0029 .0245 7.5

• 66 .066 .0031 .0240 8.0
- 67 .066 .0038 .0240 5.0

68 .067 .0037 .0235 7.0
- 

69 .066 .0036 .0215 7.5

70 .066 .0034 .0201+ 7.0

71 .065 .0041 .0216 7.5

72 .079 .0041 .0222 7.5

73 .079 .0039 .0220 5.5

74 .063 .0045 .0207 5.5

75 .070 .0054 .0237 7.5

76 .074 .0053 .0238 7.0

77 .063 .0066 .0236 7.5

4
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5th Zone

Pa rt lc le Z V X Size
ft (tnches l (inches) (i nches) j~~.

78 .093 . 0081 021+7 15 .0
79 .098 .0017 0221 8.0

80 .099 .0021 0201+ 4.0

81 .103 .0004 0203 11. 5

82 .111 .0010 0224 7.0

83 .109 .0004 0224 7.0
84 .105 .0009 0213 8.0

85 .104 .0021 0248 9.0

86 .110 .0027 0248 9.5

87 .118 .0034 0223 12.0

88 .105 .0039 0250 9.5

89 .117 .0040 0272 11.0

90 .112 .0039 0267 11 ,0

91 .115 .0035 0214 7.0
-

- 

92 .105 .0064 0245 11.0

93 .111 .0078 0245 9.5 —

— 94 .112 .0077 0234 9.5

102 
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6th Zone

Particle Z V X Size
1 (inches) (inches) (inches)

95 .124 .0007 .0206 7.5

96 .139 .0021 .0220 9,5

97 .140 .0017 .0210 6.0

98 .141 .0010 .0223 5.5

99 .131 .0018 .0212 5,5

100 .13 1 .0029 .0212 9.5

101 .124 .001+6 .0259 10.0

102 .11 9 .0049 .0244 9.0

103 .124 .0055 .0229 6.8

104 .123 .0063 .0236 6.0

1 05 .135 .0064 .0246 7.0

106 .120 .0069 .0265 9.5
- 

. 107 .118 .0078 .0264 5.5

1 08 .118 .0080 .0258 5.5

109 .118 .0076 .0252 5.0

110 .118 .0076 .0244 5.0

111 .123 .0079 .0251 5.0

11 2 .123 .0081 .0235 8.0

113 .1 29 .0079 .0223 5.5
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7th Zone

Par t icl e Z V X S ize
1/ (inches) (inches) (inches) (~)

114 .150 .0008 .0215 8.0

1 15 .149 .0011 .0222 9.0

11 6 .147 .0017 .0210 12.0

11 7 .14 2 .0023 .0216 7.5

118 .144 .0025 .0243 8.0

11 9 .147 .0029 .0258 7.5

120 .146 .0030 .0252 7.0

121 .146 .0030 .0245 7.0

122 .152 .0037 .0231 5.5

123 .150 .001+4 .0245 6.0

124 .150 .0042 .0219 9.0

125 .147 .0063 .0205 10.0

126 .153 .0061 .0220 6.0

127 .155 .0070 .0212 8.0

128 .147 .0085 .0212 8.0

101+
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8th Zone

Pa rt icl e Z V X Size
________ 

(Inches) (Inches) (inches) (
~

)
129 .160 .0005 .0228 7.0

130 .160 .0004 .0233 4.0

• 131 .162 .0009 .0256 3.5

• 132 .164 .0007 .0224 11 .0

133 .164 .0018 .0196 9.5

134 .179 .0012 .0252 9.5

135 .164 .0008 .0255 7.0

136 .168 .0016 .021+3 8.0

137 .175 .0015 .0209 5.5 
- 

-

138 .175 .0014 .0216 4.0

139 .177 .0017 .0228 7.5

11,0 .169 .0015 .0205 8.0

141 .174 .0015 .0210 7.5

142 .176 .0014 .0216 5.5
143 .176 .0017 .0228 7.0

• 144 .164 .0022 .0212 9.5

1-1+5 .169 .0025 .0223 4.0

11+6 .167 .0024 .0251 7.0

147 .168 .0022 .0259 9.0
11+8 .170 .0026 .0250 7.0

149 .175 .0026 .0232 5.5

150 .173 .0035 .0233 11. 5

151 .167 .0055 .0259 7.0

152 .161 .0057 .0219 10.0

153 .158 .0061 .0198 7.0

154 .158 .0066 .0191+ 7.5

155 .171 + .0066 .0208 7.5

156 .171 .0077 .0258 9.5

157 .156 .0080 .0242 8.0

158 .163 .0082 .0261 5.0
- 

- . 159 .164 .0081+ .0250 7.0

160 .161 .0103 .0213 8.0

105

- 4

L I  
_ __ _ _ _ _

- ~~~~~~~~
---—

----—-- J . - 
-

— —— ~~
-- -——.

~~~~ . - —--- 
.
—.—-—.— -‘- — -.— .—_- — - - .- --- .--— --- -.--.-.—- .- .‘—— -‘—- -.-. —

~~
-— ,——--— .--

~ 
- --
~
.---
~
--‘-— ‘-—--.‘ --‘- -—--.—. ---—--.-

~
— .-— -



_ _ __ _ __ _ _ _  
.-.--- --- -- .-~

9th Zone

Particle Z V X Size
________ 

(inches) (inc ~~~) (i nches) (~) - 
-

161 .180 .0002 .0219 8.0

162 .180 .0009 .0258 8.0

163 .181 .0006 .0212 7.0

164 .181 .0004 .0202 5.5

165 .200 .0002 .0215 7.5
166 .200 .0002 .0225 14.5

167 .194 .0001+ .021+4 11.0

168 .187 .0007 .0261. 7,5

169 .180 .0011 .0227 5.0

170 .180 .0015 .0235 9.0

171 .176 .0016 .0220 5.5

17 2 .179 .0017 .021+1 4.0

173 .178 .0031 .0212 11 .5

171, .188 .0026 .0215 6.0

175 .187 .0031 .0201 6.0

176 .185 .0029 .0242 7.5

177 .193 .0031 .0208 5.5

178 .197 .0066 .0208 6.0

179 .188 .0059 .0210 9.0

180 .179 .0066 .0239 5.5

181 .180 .0074 .0234 6.0

182 .182 .0077 .0216 9.5

183 .196 .0057 .0260 7.0

184 .199 .0083 .0241 7.0

185 .199 .0083 .0232 5.0

186 .199 .0083 .0218 5.0

-~ -
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10th Zone

Particle Z V X Size
• 1 (inches) (inches) (inches) (is)

187 .206 .0006 .0200 5.5
- 188 .212 .0003 .0212 7.5

189 .209 .0013 .0234 7.0

190 .217 .0026 .0227 7.0

191 .200 .0026 .0258 7.0

192 .200 .0039 .0259 11.5

193 .205 .0077 .0252 9.5

194 .198 .0052 .0226 5.5

195 .205 .0055 .0198 9.0

196 .205 .0061 .0210 7.5

197 .209 .0069 .0212 7.0

198 .205 .0085 .0212 8.0

11th Zone

Particle Z V X Size
_________ 

(inches) (inches) (inches) (~)

199 .225 .0006 .0207 5.5

200 .224 .0006 .0212 7.0

201 .236 .0010 .0223 8.0

202 .219 .0024 .0225 12.0

203 .235 .0051+ .0216 6.0

204 .222 .0058 .0210 4.0

205 .233 .0081 .0229 7.0

206 .233 .0081 .0236 6.0

107
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12th Zone

Particl e Z V X Size

_________ 

(inches) (inches) (inches) (ii )

207 .256 .0007 .0213 7.0

208 .243 .0033 .0200 11.0

209 .251 .0043 .0213 8.0

210 .261 .0043 .0237 5.5

211 .249 .0049 .02143 5.0

212 .251. .0060 .0237 14.0

213 .243 .0066 .0254 7.5

211+ .261 .0071 .0201 9.0

215 .258 .0075 .0255 9.5

216 .258 .0087 .0211 9.5

217 .245 .0075 .0251 5.5

13th Zone

Particle Z V X Size
I (inches) (inches) (inches) (li )

218 .262 .0024 .0257 16.5

219 .271 .0025 .0231 7.0

220 .271 .0023 .0214 14.0

221 .259 .00144 .0258 7.5

222 .271. .0059 .0232 5.5

223 .276 .0059 .0215 7.0

108



14th Zone

Particle Z V X Size
1 (inches) (inches) (inches) (p)

224 .291 .0003 .0242 7.0

225 .285 .0021 .0211. 5.5

226 .285 .0024 .0208 6.0

227 .288 .0030 .0223 5.0

228 .317 .0010 .0236 8.0

229 .316 .0017 .021.6 9.0

230 .317 .0021 .0197 7.0

231 .317 .0024 .0204 7.0

232 .315 .0028 .0232 8.0

233 .318 .0039 .0233 13.0

234 .301 .0043 .0233 9.0

235 .316 .0046 .0234 17.0

236 .302 .0059 .0202 7.0

237 .302 .0061 .0238 5.0

238 .303 .0064 .0233 5.5

239 .303 .0063 .0223 5.0

240 .304 .0060 .0216 6.0

21+1 .304 .0065 .0206 5.5
242 .304 .0070 .0207 5.5

243 .301. .0080 .0206 7.5

244 .300 .0075 .0202 9.5

245 .310 .0085 .0253 8.0

- -
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15th Zone

Particle Z V X Size
1 (inches) (inches) (inches) (Is)

246 .322 .0010 .0254 8.0
247 .340 .0007 .02bi 5.5
248 .317 .0014 .0238 11.0
249 .316 .0005 .0245 5.0 

- 

-

250 .317 .0006 .0243 4.0
251 .322 .0005 .0247 5.5
252 .322 .0009 .0252 10.0

253 .325 .0013 .0221 7.5
251+ .325 .0012 .0221 7.5
255 .324 .0017 .0227 8.0
256 .325 .0018 .0203 7.5
257 .336 .0020 .0205 5.5
258 .319 .0023 .0205 5.5
259 .3 26 .0021. .0245 7.0
260 .33 4 .0027 .0242 5.5
261 .327 .0030 .0240 6.0
262 .3 28 .0030 .0228 13.0
263 .330 .0030 .0216 6.0
264 .33 0 .0033 .0247 7.0
265 .32~+ .0039 .0208 5.5
266 .339 .0040 .0240 5.5
267 .334 .0035 .0198 15.0
268 .329 .0038 .0207 4.0
269 .33 2 .0041 .0209 5.0
270 .33 1 .0044 .0214 6.0
271 .331 .0041. .0235 5.0
272 .33 1 .0049 .0230 3.5
273 .337 .0047 .0199 15.0
274 .329 .0054 .0251 9.5
275 

- 
.330 .0054 .0257 7.5

276 .33 1 .0053 .0208 6.0

277 .331 .0057 .0218 3.5 - -

278 .333 .0073 .0212 7.0
279 .337 .0076 .0207 7.0
280 .33 4 .0085 .0227 5.5
281 .33 4 .0089 .0208 8.0
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16th Zone

Particle Z V X Size
_____ 

(inches) (inches) (inches) (Is)
- 

-: 282 .343 .0001 .0209 9.5

283 .354 .0003 .0230 9.5

284 .354 .0008 .0241 11 .5

285 .347 .0006 .0235 7.0

286 .346 .0008 .0222 7.0

287 .351 .0009 .0228 5.5

288 .355 .0013 .0240 7.0

‘.89 .355 .0014 .021.6 5.0

290 .348 .0010 .0204 13.5

291 .341 .0029 .0198 8.0

292 .345 .0028 .0216 7.0

293 .338 .0035 .0249 5 .5
-

- 

- 
294 .355 .0044 .0199 7.0

295 .354 .0042 .0232 8.0

296 .341 .0050 .0243 7.0

297 .341 .0049 .0234 5.0

298 .358 .0057 .0239 7.0

299 .351 .0059 .0238 7.0

F 300 .340 .0071 .0201+ 9.5

11 1
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!
17th Zone

Particle Z V X Size
I (inches) (inches) (inches) (is) 

-

301 .366 .0003 .0240 : - -

302 .369 .0010 .0250 - 

-

303 .378 .0013 .0222

304 .365 .0020 .0262

305 .366 .0043 .0242 ~
- -

306 .371 .0041 .0225

307 .378 .0048 .0264

308 .360 .0057 .02L43

309 .378 .0062 .0205

310 .378 .0066 .0220

311 .380 .0071 .0216

312 .367 .0075 .0212 
-

313 .369 .0078 .0244

314 .369 .0075 .0210 - I
315 .369 .0079 .0224
316 .370 .0078 .0235

317 .375 .0086 .0212
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18th Zone

Particle Z V X Size
I (inches) (inches) (inches) (~)
318 .397 .0000 .0206 7.5

319 .390 .0001 .02222 2.5

320 .397 .0002 .0237 7.0

321 .397 .0001 .0257 9.5

322 .378 .0010 .0262 11 .5

323 .389 .0004 .0211 7.0

324 .390 .0008 .0205 7.0

325 .394 .0008 .0?12 9.0

326 .381 .0006 .0223 5.5

327 .388 .0009 .0239 9.0

328 .396 .0008 .0215 9.0

329 .398 .0005 .0209 4.0

330 .397 .0006 .0228 5.0

331 .390 .0013 .0250 7.0

332 .399 .0012 .0224 6.0

333 .387 .0010 .0264 9.0

334 .380 .0012 .0257 3.5
335 .392 .0017 .0257 7.0

336 .380 .0020 .0230 7.5
-
. 

337 .386 .0021 .0216 9.5

338 .38 1 .0018 .0224 3.5

339 .400 .0020 .0219 5.5
340 .401 .0019 .0229 6.0

341 .385 .0018 .0212 8.0

342 .383 .0020 .0249 9.5

343 .39 1 .0035 .0262 9.5

344 .381 .0027 .0204 7.0

345 .387 .0033 .0213 10.0

31.6 .387 .0032 .0238 4.0

347 .395 .0038 .0253 9.5
348 .384 .0035 .0215 11.0

3179 .386 .0033 .0260 9.0

350 .394 .0037 .0251 7.0

351 .388 .0040 .0216 8.0

352 .388 .001+0 .0223 7.0

353 .391 .0042 .0246 7.0

354 .397 .0045 .0228 7.0

11 3
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18th Zone (Cont ’d)

Particle 2 V X Size
________ 

(inches) (inches) (inches) (is)

355 .381 .0047 .0225 7.0

356 .380 .0050 .0230 12.0

357 .385 .0053 .0261

358 .385 .0052 .0204 10.0

359 .396 .0057 .0221 26.0

360 .394 .0048 .0252 7.0

361 .399 .0052 .0254 8.0

362 .397 .0055 .0261 9.5

363 .400 .0056 .0250 7.0

364 .400 .0058 .0224 7.0

365 .395 .0056 .0211 6.0

366 .385 .0060 .0234 8.0

367 .401 .0060 .0245 8.0

368 .398 .0069 .0227 8.0

369 .392 .0073 .0242 5.5

370 .398 .0072 .02)6 16.5

~ 371 .379 .0071 .0216 6.0

372 .378 .0078 .0231 7.5

373 .393 .0079 .0218 6.0

374 .389 .0078 .0207 5.0

375 .386 .0084 .0207 13.0

376 .390 .0089 .0238 8.0

11 ’. 
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Zone

Particle Z V X Size
I (i nches) (inches) (inches) (is )

377 .1.05 .0002 .0204 5.0

378 .401 .0004 .0228 7.0

379 .417 .0002 .0248 8.0

380 .417 .0002 .0245 7.0

381 .400 .0005 .0227 7.5
• 382 .417 .0005 .0262 12 .0

383 .414 .0011 .0258 7.5

384 .416 .0012 .0220 4.0

385 .402 .0016 .0224 6.0

386 .402 .0014 .0211 8.0

387 .401 .0020 .0231. 5.0

388 .401 .0022 .0249 5.5

389 .399 .0022 .0200 6.0

390 .417 .0024 .0229 7.5

391 .412 .0023 .0232 7.0

392 .420 .0031 .0239 11 .5

393 .420 .0031 .0255 11.0

394 .1.18 .0032 .0246 12.0

395 .418 .0029 .0222 5.0

396 .418 .0029 .0209 5.5

397 .418 .0037 .0250 6.0

398 .403 .001+4 .0217 9.0

399 .416 .0045 .0236 6.0

400 .401 .0061 .0252 7.0

401 .401 .0059 .0223 5.5

402 .1+00 .0058 .0221 7.0

403 .399 .0062 .0223 12.0

404 .399 .0061 .021+4 10.0

1705 .414 .0059 .021+8 7.0

406 .420 .0060 .0241 9.0
- 

- 
407 .400 .0063 .0229 9.0

408 .417 .0064 .0212 5.5

409 .401 .0066 .0236 9.5

410 .413 .0073 .0244 5.0

411 .415 .0081 .0210 5.0

1)5
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20th Zone

Particle Z V X S z e
1 (inches) ( inches) ( inches)  (u)

412 .435 .0001 .0211 5.5
1713 .434 .0004 .0211 9.5
4 1 4 .436 .0002 .0241 4.0

415 .435 .0009 .0261 12.0

416 .428 .0007 .0227 7.5

417 .429 .0010 .0198 6.0

418 .427 .0011 .0209 14.5

419 .435 .0012 .0197 8.0

1+20 .435 .00)3 .0203 9.5
421 .423 .0014 .0237 7.5
422 .423 .0016 .0255 7.5
423 .434 .0017 .021.0 7.0
424 .431 .0020 .0218 7.5
425 . 1+29 .0020 .0204 5.5
426 .419 .0021 .0226 10.0

427 .440 .0025 .0216 7.0
1+28 .418 .0025 .0208 4.0

429 .417 .0029 .0238 12.0 
. 

•

430 .437 .0028 .0206 7.0

431 .422 .0028 .0213 5.0

432 .431 
- 

.0030 .0261 8.0
1’33 .4 23 .00140 .0243 9 5
434 .424 .0039 .0262 7.0

435 .41+0 .0037 .0225 10.0

436 .431 .0037 .0214 5.5

437 .423 .0039 .0210 12.0

438 .433 .0040 .0208 5.0

439 432 .0041 .0215 6.0

440 .421 .0047 .0232 13.5

441 .420 .0053 .0230 11.0

442 .424 .0052 .0212 3.5
41~3 .421+ .0055 .0244 5.0

444 .420 .0053 .025/ 7.0

445 .434 .0055 .0212 4,0
1,46 .423 .00514 .0206 6.0

41+7 .424 .0055 .0253 6.0

116
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20th Zone (Cont ’d)

Particle Z V X Size
1 (inches) (inches) (inches) (is)

448 .420 .0053 .0234 11.0

41~9 .423 .0056 .0246 8.0
1,50 .419 .0058 .0224 11.0

• 145~ .423 .0056 .0235 11.0

• 1+52 .424 . 0061 .0214 7.0
• 453 .424 .0063 .0205 7.5

454 .428 .0070 .021+6 12.0

455 .423 .0069 .0233 5.5

456 .438 .0071 .0225 7.0

457 ,1~39 .0074 .0211 6.0

458 .421 .0084 .0236 7.0

21st Zone

Particle z V X Size

- ‘ 
1 ( inches) ( inches) ( inches)  (is)

- 459 . 1,56 .0004 .0199 20.5

460 .450 .0002 .0251 12.0

-
- 461 .449 .0009 .0248 8.0

462 .1445 .0007 . 0233 8. 0
463 .41,6 .0006 .0223 11.0

464 .1+1+4 .0005 .0218 7.5

465 •1~44 .0006 .0226 7.0

466 .443 .0010 .0208 7.5

467 .41+3 .0011 .0217 6.0
1+68 .144 1 .0017 .0259 8.0

469 .451k .0015 .0261 11.0

470 •448 .0025 .0203 9.5

471 .1+50 .0023 .0239 9.0

472 .458 .0026 .0250 7.0

473 .1+38 .0026 .0214 7.5

474 .440 .0027 .0207 8.0

475 .456 .0027 .02314 5•5

- 
. 1+76 .1+56 .0035 .0218

477 .455 .0035 .0223 8.0

11 7 



21s t Zone (Cont ’d)

Particle 2 V X Size
________ 

(inches) (inches) (inches) (~) •

478 .452 .0034 .0251 7.5

479 .458 .001+4 .0242 9.5
480 .1+48 .0040 .0223 9.0

481 .453 .0036 .0218 15.0

482 .459 .0034 .0210 5.5

483 .459 .0033 .0201 5.5

484 .449 .0033 .0218 8.0

485 .144 9 .0042 .0235 10.0

486 .41.9 .00143 .0201 7.0

487 .458 .0047 .0227 5.5

488 .459 .0046 .0215 6.0

489 .443 .0052 .0219 10.0

490 .442 .0050 .0248 5.5
- 49 1 .443 .0051 .0203 9 .5

492 .456 .0057 .0211 16.5

493 .451 .0064 .0239 11.0

494 .449 .0065 .0226 17.5

495 .453 .0068 .0205 7.0

496 .453 .0072 .0233 11.0

497 .448 .0076 .0252 11.0

118
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22nd Zone

Particle Z V 
- X S i z e

1 (inches) (inches) (inches) (is)

498 .1+69 .0002 .02 144 5 .5

- 
- 499 .1+69 .0005 .0251 18.5

500 .1+73 .0006 .0207 11 .0
- 

.
- 501 .460 .0009 .0200 11 .0

502 .472 .0005 .0238 11.0

503 .470 .0011 .0239 24.5

504 .480 .0011 .0261 9.5
505 .478 .0012 .0260 9.5
506 .470 .0016 .0218 25.0

507 .476 .0028 .0222 7.0

508 .1+76 .0027 .0239 10.0

509 .463 .0030 .0252 13 ,5
510 .463 .0030 .0264 9.0
511 .465 .0030 .0210 13 .5
512 .465 .0037 .0202 12.0
5 1 3 .466 .0041 .0260 9.5
514 .1+65 .001+1 .0214 7.0
515 .468 .0042 .0224 8.0
516 .470 .0046 .0236 5.5
517 .1+70 .0045 .0218 7.0
518 .479 .0057 .0202 60.0 —

519 .459 .0047 .0214 7.0
520 .469 .001+5 .0236 8.0

521 .1478 .0043 .0252 11.0
522 .478 .0043 .0264 6.0
523 .474 .0057 .0225 5 • 5
524 .474 .0061 .02-35 7.5
525 .474 .0062 .02148 5.5
526 .46 1 .0071 .0265 9.5
527 .1+67 .0085 .0263 9.0

— 528 .467 . 0073 .0263 10.0
529 .480 .00 79 .0237 1 1 .5
530 .1473 .0066 .0221 8.0
531 .1+73 .0068 .0232 11. 5
532 .464 .0053 .0222 8 14 .5

11 9
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23rd Zone

Partic le Z V X Sizeft (inches) (inches) ( inches) -

533 .485 .0006 .0229 13.5
534 .485 .0010 . 0239 9.5
535 .483 .0012 .02 49 10.0
536 .1490 .0010 .0236 6.0
537 .485 .0013 .02 15 5 .5
538 .500 .0011 .0221 11. 5
539 .487 .0009 .0201 15.0
540 .1,90 .00 1 7 .0232 10.0
541 .485 .0017 .0212 7.5
542 .480 .001 4 .0208 8.0
543 .484 .0025 .0199 9 .5
51+1. .485 .0023 .0219 9.5
545 .5 00 .0030 .0268 2.5
546 .499 .0027 .0225 

- 
6.0

547 .496 .0031 .0248 7.0
548 .4 91 .0035 .0203 8.0
549 .491 .0045 .0204 12.0
550 .490 .0W43 .02)9 5.5
551 .485 .0045 .0234 5.0
552 .489 .0050 .0219 6.0
553 .489 .005 1 .0229 8.0
554 .482 .0054 .0236 4 .0
555 .1+8: .0055 .0252 5.0
556 .484 .0056 .0270 7.5
557 .497 .0057 .0215 9.0
558 .495 .0058 .0205 11.0
559 .480 .0067 .0230 11.0
560 .500 .0066 .0248 7.0
561 .484 .0065 .021.0 5.0
562 .497 .0072 .0253 5 5
563 .497 .0069 .0200 7.5
561+ .497 .0075 .0199 6.0

565 .488 .0083 .0227 47.0
566 .487 .0083 .0251 9.5
567 .484 .0083 .0258 11.5
568 .1+85 .0078 .0261 8.0
569 .1478 .0078 .0273 14.5

120 
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APPENDIX V I I

P R E L I M I N A R Y  EXPERIMENTS ON PULSE CHOPPING WITH A VACUUM PHOTODIODE

-~1
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Tests rece nt l y conducted by the authors showed (exoer i nenta l l y )  that a bi — p lan a r
photodiode can pass enoug h current to disc iarge a <err cell or ~ocke1 cell in 20 ranG—
seco nd s t i n e. .~s a result , a ohotodiode could be used to chop or shorter the norm al
50 nanosecond ~ulse from a ~-switched laser.

Vacuum photodiodes nave the orooer ty  t h a t  (unlike laser — trig gered soark caps) there
are no de i:n izin o effects. The vacuum diode should recover after each laser culse, oer-
mitting it to chop successive pulse s ~ron’ a coubie oulsed Q-switched 1 ase r. ~resentgas—filled pulse choooers canr ot multip l e pu l se in tim e due to the dei onization tine of
the gap.

The new pulse chooper is exceeding l y simple. It is shown in Fi gure 1 in relationship
to a double pulsed ruoy laser. A polarized lig ht pulse from tne ruby laser passes :nrough
a Kerr cell biased to its full wave retardation volta ge (- - 20 k V ) .  At full retardat ion
light emerges from tre Kerr cell with the same se nse of co l a r i z a t io n w ith wnich ~t entered.A polarizer (sho rn as a calcite prism w ith escaoe windows ) div erts a l l of the li g h t. As
shown , the light is reflected by a go0 prism and is diver oed ov a negative lens. Th e l ie ht
is reflected by a -nirror onto the phot oco thode of an ITT :i- :-ianar onotodi ode . Thi s diode ,
howe ver , as ,jjil be seen , w ill have been m ocified to give it s u f f i c i e n t  c e e k  current
capability . The diode is attacriea directl y to the d ates c-f the Kerr cell. O isch arg in c
the Kerr cell red -aces the retardation voltage. \t lal f_wave ~~- 14 kV) retardatio n , the
li ght emerges fro~ the <Er— ce ll oo iarized o°:hoconail . it oasses throug h the tolani zer —

into the outer .-IorTh ,not directed i~~ro one onotociode , . Cne m i on t think that interru otion
• of light wou ld st-c c the disc -la rge of :~.e ,err c e l l . ests , nowever , indicate that the

photoelectric curr~n: w i l l continue due cotn to space cna rne anc inducta nce effects . The
Kerr cell volta ce thou1~ be li terall y s’-:ect throug.n its - 2  -wave vo ’itac e ? As a result,
the laser pu lse wil l be ‘ choooed” . Jn l-i a portio n of i~ ght equal in tine 1- - 5 nanoseco nds )
to the passa ge throu-cn the <err cell s half -wave voltage will pass througn tre diverti no
pola ri zer .

The above notio n is based uoon excor i-nen ts condu cted with sone standard bi -ola n ar
photod~odes . To n a K e  a long s to r ;  sn o r t , w a s founc tnat -ov decreas ing tne anoce-
ca thode  spac i ng  ~f a co n ’e rc ia l  F_ 003 o nc -t o oic~e, o”- o t oe i e c t r i c  currents of t ne o r c e r
of 50 amperes coui~ oe -dra in wnen crc ~~~ o-~tcut of the laser was spread across th e
d i ode ’s photocat node .

tm 
Sucn a current woula di scnarge a 35 -_ F Kerr cell at a rate of

= 
50 es 

= ~ pi ~~ ond 5~O00 volts/nanosecond

Ful l wave bi as o f a Ke rr cell i s ‘~ 20 kV. Hal f wave bi as i s 14 kV.

* F4000 phot odince—- :rod :jct of ITT , Fo rt ~~y n e , indiana. 1 cm diameter oho tocatho de
wi th 0.6 co’ anode— cat~oce soacino (ii c-n- cathode area). The S— l cathode nas a sen sitivi
sensitivi ty of 2 mA/watt. Thus , for I MW , i t  sho u ld em i t 2,000 amperes.
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The curren t capab i l ity of a lodi c ied bi- p lanar photodiode was i nve s t ig a ted
experi m entall , ;-.-j tb tne circuit arran nement sncwn in Figure 2,* Licn t frcrr- a -switche d
ruby laser was incident uoon the diod e ’ s cathoce. The diode was biased by a 200 ~~~ F

capacito r. Th~ -ca Pacit or was ecnnec :eu to a 50 cable , terminated at a 519 oscillosco p e
with a 50:1 resist~ve ~i — ’ider . A tjc~ca1 ohotoe lectric current pul se is sr-own in
Fi gure 3; in this case , 43 amperes ~as reached in 50 nanoseco flds .

The laser em ission is shown in Fic-j re 4 . Total opt ical  power and ener ey was not
measu red . Tb~ laser was near :n res no ld.  i~ est imate an e m iss ion of 1 /5 jou le?

More significant was one fact that the laser was mode -locked. The outout was
hig hly m od uiate- ~. i ns pe c t Ion  of °i gure 3 s y ow s that the hig h current oflotodiode barely
saw the strong li cn t osci llat i on s, it is bel ieved that this was due to the fact that
the phot odiode ~as ooerati na space charge li m ited. Inductance effects also are bel ieved
to keep the pho tocurrent fiowino . These effects, as noteu above , should carry the diode
ri ght  th roug h the ~/2 voita oe , wren used in a pulse chopper li ke that shown in Fi gure 1

Further tests are neeced to oerfect the pnotodiode chopper. A photodi ode with even
closer spacin g would be better.

We believe that a vacuum onotodiode chop oer would be better than the soar~ gap choooer.
It would , in audition , permit incividua l chopping of multiple pulse emlss ion --som etning
imposs ible with ark gap choppers .

Shorter laser Du ises are of interest in holographic microscopy of burning rocket
fue ls  as w e l l .

Notes Added in Rroo

The area under the chotoe lectric current o-Jse (Fi gure 3) gives the electrical cfla-m e
oassed by ~~° °oce ~~°~‘-a o _~~~~ r~~” ~ S ~urned Cu c ~e ecuC I -c ~“einitial char ge or o”e capaci to r 203 ‘-

~~~~~~~~ .
-
~~~~ .- -c ’tsl = -~ cou~o m-os .  -e :~ctod iou e

dischar ge d the cap ac itor . T his ls not unex o ec tec s~ nce the cat no ce deflS~~O~~V~~tv  (2 na /watt).
laser power , a y - ~ c-~raoion nave the ca p abi l it y o~ liberating ~ar mo re -coarce , ~- 400 C.

To ach ieve 13 arnoeres of ohotoelectric current rcm a standard iTT ci ode (0.5
anode-ca thoce 0oac no The 0 O C~ ias °ea-e u 0-’th ~~e c’ass reac hed -

~ ~o~~en r
point. The cathoue—anode distance was reduce c - cu be ai lc - -:ec to co~ la D s ej 1 standard
photodiode (S-I cathod e ) wa s altered -ciitno ut los in g vacuu m . The dnOtz ’cat1’mce . ~owever ,
looked di fferent , anc -lay . ~~“ fact, have oeen altered (richer - o ~~ °u - n c t i o n ) .  Hig n
photoelectric currents -were drawn , maKing the authors believe that n:u lt iple photon
processes 0ere workin g.

* See “Notes Added in Proof .”
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T ITLE : _ Speckle Suppression of Holograp hic Microscop ic Reconsturctions -

A technique which reduces soeckle noise and ir;lproves resolution of coherently ‘ -

illu minated subjects was discovere n (-m i le att ero ting to maximize the resolution of
holographic i~a go s.

Inherent in holography is a or-anular field noise , generall y c a l l e d soeckle , whic h
masks the microstructure of recorded ~ucjects . ~ concentra ted effort to reduce thi s
effect has been rnaoe over the years . Leith and Uoatnie ks~ introduced a diffuser in the
scene bean of t~-mo- beam holo greon y -.-:hich ‘educed tile large diffraction noise to a fine-
structured speckle. For large suojects , th is speckle is acceptable , but i n holom i crosco py
it hides fine detail. For this reason , ef fo -r~s to eliminate the speckle have continued.
Phase plates , gratings , GOu~lC holograms , :n~ 1 t i -co lor , sul ti—beam techndaues. etc . , have
been tried wito various degrees of success ° 1~ot all the effort has been restricted
to the recordi ng phase . ~oise reduction in reconstruction techninues has included beam
dithering, or m otion , oAte n Jir -~ on-: source area of the reconstructing beam , and using a
Droad spectra l line w idth l i got source. In many of these efforts , speckle reduction
has been acco ;lpan ied by loss of reso lut ion .

The dev i ce and techrI~ oue or- esent ed here fi rst placed a rotating fi ne-structured
transparent diff user tnroucn the p lane of the aerial image reconstructed from a holooram

‘

- (by reverse reference bean ; -;o tnud) . Because of focal deoth of the examining micros cope
opt ics , toe ro ta t ing  d if fu~ c- n - a s  moved f l-c- s the plane of tne aerial image (position A)
to a position b~ t-,,oen the microscope c-b jcc ti v e arO the eyeoiece (position B). A schema-
tic of the s y s t em is snoun in Fig. 1 . Befo re acce otin q onsi t ion B , a ca refu l cc mpa ri son

- was maae to ~nsure t ra t  no loss ~n resolutio n m o ul d te incurred. Within the limits of ~. I
the available e~~~:::ect, pcs i t ior ,  B - - - os the most p ract ical oositi on to use. With the 

‘

.

moving diffuser in cosition B , a direct romne rison betmeen directly illuminated objects
and holog rapni c reccnstruc ticn s of oujects ;:oula be wade.

- - 
A~comp a rative series o f  ohotogra ons was then taken by usinQ the eyepiece as the

camera lens to focus toe im -aces onto Polaro id T -ms e 52 f i lm . The exposure levels were
controlled by -iar~’~n~ toe time of ex:os~ re. The subject chosen was a samo le of solid
rocket propellant. This s-jb;ect shom- .s much structure , and its reflectivity properties
ran ge from dif fuse to specular ana f ru ; translucent to aosor otive . A steel ruler with
divisions of 1/32 incn was placed ad acenti j to calibrate the field (1/32 inch is 794
microns).

The fi rst comparative set oresented is shown in Fig . 2. Photomicr~~~phs 2a an d 2b
show a comparison of the actual fuel ;a:oole wrien directly illuminated by a) white li gnt
and b) helium -neon laser h unt. ~~ u re 2c then com Dare s the difference between
b) laser—lighted suoject wi to no atoes iots at :- c , l e  suvoression , ana c) laser illumi-
nated subject -~ i tii ro tatin g diffuser tO improve resolution and suppress speckle.

For the second series of 000torira:ns , a si mi lar sample ~f propellant was fi rst
hologr ap i€-c . A neiiuin-n eon ‘ ase r w as ones tm Q(~y record arc to reconstruct the
image to be photoo ’ ic rogr ~;;rieci . Fi gure 3a shows the photographed recon struction
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wi th no attempt to sup press speckle. Figure 3b shows the identical system with the
addition of the rotat ing diffuser between the eyepiece and objective. Note the
increased deta il and size of the field when tne moving aiffuser is introduced. It
was only after exami ning Fig . 2c that it was realized that a field stop placed near
the moving diffuser should have been left off.

The final comparison was made to show the relative oractical differences
encountered when emp loyi ng holog raphy of dynam ic subjects. The problem one tyoically
encounters is that the recording laser is not at the same wavelength as the reconstruct-
ing laser , i .e., ruby to HeNe. The hologram for the series of Fi g. 4 was taken wi th
a ruby laser. Fi gure 4a is the HeNe reconstructed image as seen through the microsccpe.
Fi gure 4b is the photograph with the insertion of the rotating diffuser device via a
translating sl ide.

The holograms made fcr Figs. 3 and 4 were made in the reflection type holocaniera - -

shown in Fig. 5. This is a holocamera used for the associated studies for the U.S.
Air Force. Its compl exity is due to the fact tha t it is just one of various holograoh’i c
geometries used. These geometries are dictated by the windows on a pressure vessel
in which the samples are mounted.
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Figure 3. (a) Reconstruction of hologram , helium-neon recording ,
HeNe playback.

(b) Same as above with rotating diffuser to impro ve
resolution.
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Work on Contract F046l1—76-C-0053 demonstrated that double exposure holograp hy
offers a unique way to determine the veloc i ty of small particulate. Sing le reference
beam—double exposure holograms have little certainty about the particle m otion due to

• the fact that both images are reconstructed simu l taneously. This is part~ ;ul ar 1 y th e
case when the par t i c l e  f i e ld  i s de nse and particles are not mov i ng in the same di rection
I ns tead , one would like images that can be separate l y reconstructed . This need (or
requirement) was realized by the construction of a holocamera with two reference beams .
The optical arrangement is shown in Figure I (i.e. , Fi gure 17 from JAN~AF paper ) .

After the beam splitter , an optica l switch (Poc’.~e1 cell and beam-spli tting polari-
zer) chose one of the two possible reference beam paths. The Pockel cell was elec-
trically switched to its half—wave voltage betw--~en the two laser pulses. As a result ,
the second reference pulse was diverted along the second reference beam path. A
quartz half-wave plate in this path repolarized the second laser pulse so that it was
parallel and coherent with the scene laser pulse. With this arrangement , each pulse
of the laser is recorcad as a hologram of a spa t i a l l y different reference beam. Both
holog ra phic i mages are recorded on top of each other on the same photosensitive plate.
However , unlike sing le reference beam ho l ograms , the two images can be separatel y recon-
structed,

Reconstruction is as with a single reference beam hologram , except now two counter-
propagating reference beams are directed throug h th~ double-exposed plate. One beam
reconstructs one of the 3-D images. The beam from the second angle reconstructs the
second image. Now the two images can be played back in sequence. Ind ividua l part i cle
images can be seen to jump . Their disp lacements can be measured , and their velocities
unquestionably computed from the known pulse separation .

The technique was actually tested and found to work. Holograms of MX—70 propella nt
burning at 34 atmosp heres showed that the particulate was moving at velocities of 6
meters/second.

The multip le reference beam technique shown in Figure I could easil y be extended to
include at least two more frames. For laser-pulses sepa ra t ed  by 10 microseconds , such
a holoca mera wou ld  have a 100,000 frame per second rate .

* R. A. Briones and R. F. Wuerker , “Holog raphy of Solid Propellant Combustion ,” 14t h
JANNAF Combustion Meeting , Colorado Springs , Colorado , August 15-19, 1977.
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Images

Work on Contract F01e611-76—C- 0053 demonstrates that the veloc i ty of small particles

can be determined from a double exposure holog ram. The techn i que has many advantages

when flow fie ld is nonunifor m , such as around the wakes of aerodynamic bodies , or irs
combustion environment of solid prope ll ants. The technique does not work when a sing le

reference beam hol ogram is doub l e-exposed . The two images reconstruct simultaneously

and one has difficulty In locating the ini tial and fina l position of a g iven particle ,
particularl y if the particle field is dense , and the motions are random.

Instead , the images should be separatel y reconstructed . A holograp hic arrangement

with two reference beams , and with a Pockel cell to swi tch or choose the two possible

reference paths was descr lbed .*

This disclosure describes a holocamera in which the reference beam directions are

chosen by the polarization of the illum i nating laser beam.** The holocame ra also has

a reflected light beam channel. The following pages are taken from the program plan

named below .

* R. A. Briones and R. F. Wuerker , “Active Doub’e Reference Beam Holocamera for
Recording Separately Reconstructab le Images ,” Invention Document of September 7, 1977 .

** R. A. Briones and R. F. Wuerker , “Holog raphic System for the Study of Propellants ,”
Phase III Program Plan , June 14, 1977.
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HOLOCA ME PA

The new holocarrera is sChematicall Y diagrammed in Fi gure 1. It
d i f fers  from ear lier holocameras by the incorporation of a pair of

assisting lenses and by the addition of a second independent reference

beam .

— The assisting lenses make possibl e the achievement of high resolu—

tions when holograms are reconstructed by the reverse reference beam

technique .* These relay lenses provide the numeri cal aperture needed to
achieve hi ;h resolution. They need only be simple piano -convex lenses;
however , a-:n’-o- its have been sro 1-rn to be best when there is a change in

wavelength re-:onstruct~~ r .

With the two ince~endent referen ce be am paths , two separately recon-
structed ira;es can be reccroed on top of one another (i.e., on the sa me
plate). The bea m splitters that provi des the refe rence beam are arranged
so that they reflect only vertically- or horizontall y-polarized li g h t ,
respectively. This is achieved by tipping the beam splitters to the
Brewster angle.  As a resul t , each reflects only the light ( l5~ ) whose
electri c vector is parallel to the pl ane of the reflecti ng surface;

neither reflects any of the orthogonally-polari zed li ght. For the Fi gure 1
arrangemen t , the reference beam directions are chosen by the polarization

di rection of the i n p u t  l ase r  pulses .

As a result , two independent separately reconstructable i~ ages are
recorded on the same plate . Holograms recorded on a rapid double exposure

basis will sho-.- - , on reconstruct i on , the particle field at two c1if ferent

intervals of time . Part i cle mot ions  can be fol lowed i f the pulses  are
separated b~

- time sho rt enough (‘
~ 

10 microsecon ds) so that the particles
have moved not more than five or ten diameters . Particle velocit ies

fol low naturally from such un i que record i ngs .

The new holocarrera is completely passive . It can be used with any

linearly polarized sol id state laser such as ruby , doubled ruby , do ubled
YAG , etc., woose output pulse polariz ation can be rotated with an external

electron ic half .-;ave p late such as a Kerr cel l  or a Pockel c e l l .

* Ibid (see in particular Figure 2).
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• The new holocarrera requires only a laser system that emits t- ~o

orthogonal l y-polar ized outO ut pu lses.  The fi rst pulse is  reflected bj
the first bear’ splitter. r~one of it is refl ected by the second bean’-
splitter. ~-ost of the l i ght  (0.72 -;) passes through the spli tter i nto t1’e
scene beam portion of the holocame ra . The holo camera records a holoor ~n

of the scene -.-~ith a reference beam of pos i t i ve  angle wi th  respec t to the
scene driection . The second ortho eonally-polar ized pulse is not ref~ec ted
by the fi rs t team splitter, Only the second S re . s te r  ~~ - s~~i t ter
reflects a 15 portion of li ght and directs i t  alon g the second ref~rence
beam path (corress-o nding to the nec~tive angle rafe r~’~~ o~ a-- .

second hoi :ram ~s recorted super~osit~one d ovor toe f rst on th s y- e

photosen si t-~ve ol ate. Afte r de velo pm en t , toe t:; ao~~ can be separa tel y
reconstructe.s cy re -illumination from the two di ffe rent reference beam
directions.

The holocarrera can be used as a conventional holocar-era by simply

not rotating the polarization 0f the second pulse. It will then record
conventional rap id double exposure nologra ms and holo graphic interfero-

grams .

The reference beam mirrors hav e been oh ysically placed so that the

two reference beams are both s:a ti a1~ y and temporally matched. The scene

beam is similar ly matched. Tem:- oral m atchin g permits recording of hol o—

grams with lasers of low te- - ::ral co ererce. S:~at ial m atching accc -:dates

lasers of low spatial coher ence ~s-~:~ as a Q-s-.-it ched ruby laser). The t.-io
mi rrors and the inver t ng lenses in ~ne sce ne a r~ of the ne.-~ holoc~ -o ra

were needed to spat ia 1~j r-a tc n the scene beam to both reference boa— :.

The scene is placed bet -.-~een the in~ertin~ lenses -and the ass tiog

lenses . Events are trans illu m in ated by c o l l i m a t e d  scene l i ~ ht . Th~ s --ode

of illumination ~i~ es n i ;nest reso1~ t ior ~:ar :icu1ari y for rub 1 h~~c~ r~~s

reconstructed - -i~tn a od ium -neon l a s e r of lC~ shorter wa’,ele notr ). ~~ffuse

illumination wii ~ be ocnie v ed sy ins ert inn a piece of ground g l a s s  ~~~
after the last invert ing lens (or anywhere be~iin d the subject~ .

The ass is t ing  lenses provide the numer ica l aperture needed for
microscopic resol uti co s. ~arrow band filters ~transparent to the lase r
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li ght, but reflecting at all other wavelengths) are pl aced bet..een the •
two assisting lenses. These fi l ters in concert with the mechanic al

shutter reduce the fl ame light to below the laser l i ght leve l s .

The assisting lenses and the hologra m plate hol der are fixed
rigidly together so that the combination is considered to be a single
optical element. The two will be mounted so that they can be wi thdrawn as
a unit for the purposes of loading fresh plates or for reconstructin g
already processed holograms .

The holocaroera w i l l  also be provided wi th a reflected ligh t option .
This is also diagrar oed in Figure 1. For reflected ligh t recording, the
second reference beam w il l be re—routed and used to record non-ions-assisted
reflected light-hologra m s . Since the firs t reference beam is undisturbed ,
It will be possible to make a simultaneous transmission hologram (provided
the shutter synchronization problem is solved) and refi-ected light holograms

of the same event. For such recordings , the hologram s should be further
covered wi th sheet polarizers to mini mize fogging due to the non-used
orthogonal polarized scene li ght.

The externa~ appearance of the holocamera has been sketched -in
Figure 2.

In summary , the holocamera shown in Fi gures 1 and 2 and proposed for
RPL for further solid propellant studies w i l l  have the fo l lowing  featur es :

• Superpositioned , but separately reconstructable , hologra ms.

• For showing particl e phenomena at two separate times.

• High resolution .

• 2 microns for collimated illuminat ion and for helium-neon
laser reconstruction of ruby laser hologrzms .

• 7 microns resolution for di ffuse light holograms , ruby laser
recorded and helium-neon reconstructed.

• Non—lens-assisted reflected l i ght option

• 10 micron reso lu t ion

• Particles su bject to holography ’s motion condit ion ,
“To be record ed , optical path must not change by more
than one—tentn ~-iave .”
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• Approx imatel y five— inch diameter scene volume , to accommoda te
the bomb.

• Holograms are to be recorded on either 2 x 2-1/2 inch or
1 x 1— 1 /2  inch sensitized gel glass plates.

• Single plate per loading.

• The assist ing lenses and pla te  holder  wil l  be a sinqle uni t which
can be easi ly removed from the holocaniera for purposes of re-
loading with a new plate or for reconstructing the hologram .

• A mechanical shutter wi l l  be a part of this assembly and w i l l
also serve to fi re the laser.
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